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The research reported herein describes the study activities performed by 
University of Central Florida (UCF) on behalf of the Town of Jupiter Water Utilities 
(Town). The Town recently changed its water treatment operations from a combination 
of reverse osmosis (RO), lime softening (LS) and anion-exchange (IX) to a combination 
of RO, IX and nanofiltration (NF). Although this treatment change provided enhanced 
water to the surrounding community in terms of better contaminant removal and reduced 
DBP formation potential, integration of the NF process altered finished water quality 
parameters including pH, alkalinity and hardness. There was concern that these changes 
could result in secondary impacts related to accelerated corrosion of distribution system 
components and subsequent regulatory compliance. In addition, replacement of the LS 
process altered the in-plant blending operations by creating an unstable intermediate 
blend composed of RO and IX waters. There were concerns that this intermediate blend 
was affecting the integrity of in-plant hydraulic conveyance components. 
UCF developed a corrosion monitoring study to assess the potential impacts 
related to internal corrosion, water quality and regulatory compliance after integrating NF 
into the existing water supply. The intended purpose was to further highlight the 
complexities of corrosion, describe a unique approach to corrosion monitoring as well as 
offer various recommendations for corrosion control in a system that relies on a blended 
water supply. Research was conducted in three phases to address the in-plant and 
distribution system corrosion issues separately and identify appropriate corrosion control 




compare corrosion of the intermediate RO-IX blend with the finished water blend (RO-
IX-NF); an in-plant corrosion control evaluation; and a distribution system corrosion 
control evaluation. 
A test apparatus was constructed and operated at the Town’s facilities to monitor 
corrosion activity of mild steel, copper and lead solder metal components. The test 
apparatus consisted of looped PVC pipe segments housed with electrochemical probes 
and metal coupons to monitor corrosion rates of the metallic components. 
Electrochemical probes containing metal electrodes were used to obtain instantaneous 
corrosion rates by means of the Linear Polarization Resistance (LPR) technique while the 
metal coupons were gravimetrically evaluated for weight loss. The electrochemical 
probes permitted daily monitoring of each metal’s corrosion rates while metal coupons 
were analyzed at the conclusion of testing and used for comparison. Different test waters 
flowed through the corrosion rack according to each test phase and relative corrosion 
rates were compared to evaluate corrosion control techniques. 
Study findings indicated that the intermediate blend was more corrosive, in 
general, then the final blend; however, research also indicated that the final blend of 
water was increasing lead and copper concentrations within the distribution system. An 
orthophosphate corrosion inhibitor was evaluated for in-plant corrosion control. The 
inhibitor’s performance was assessed by comparing mild steel corrosion rates with and 
without the chemical. In addition, secondary impacts related to introduction of the 
chemical were evaluated by pre-corroding the metallic components prior to the 
introduction of the inhibitor.  Results indicated that the inhibitor marginally decreased 




observations, it was concluded that the inhibitor was not a viable solution for in-plant 
corrosion control. To resolve in-plant corrosion issues, recommendations were made for 
modification of in-plant blending operations to eliminate the corrosive intermediate blend 
from the process allowing the RO, IX and NF treated waters to be blended in a common 
location.  
The effectiveness of a poly/ortho blended phosphate chemical inhibitor was 
evaluated for reducing lead and copper corrosion to resolve distribution corrosion issues. 
A 50/50 poly/ortho blend was selected because of its analogous use in similar municipal 
water facilities. Metallic corrosion rates, particularly lead and copper, were compared 
with and without the inhibitor to assess the performance of the chemical. Like the 
previous test phase, the metallic components were pre-corroded prior to the chemical’s 
introduction to determine if secondary impacts could result from its presence. Results 
indicated that lead and copper corrosion rates were lower in the presence of the inhibitor, 
and secondary impacts related to increased turbidity were not observed for this chemical. 
Based on these results, it was recommended that a poly/ortho blended phosphate be used 
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CHAPTER 1: INTRODUCTION 
Internal corrosion of drinking water systems has long been a recognized issue 
facing the drinking water industry, affecting public health, public acceptance of a water 
supply, and the cost of providing safe water (AWWA, 2011a; Edwards, 2004; WHO, 
2006). Literature is abundant with information regarding corrosion and water treatment, 
including but not limited to theory, mechanisms, types, causal factors, materials selection, 
control measures, and impacts. In general, each material that can corrode has a body of 
literature devoted to it (AWWA, 2011b). Results exist from a variety of research projects 
performed to study corrosion. Some of the earliest contributions include the work of 
Langelier, 1936 who indentified the relationship between water, calcium carbonate 
saturation, and corrosion control. His work introduced the concept of stabilization pH and 
usage of corrosion indices to predict the stability of drinking water with respect to 
corrosion (Langelier, 1936). Later corrosion research abandoned or modified some of the 
theories introduced by Langelier, however laid the foundation for the abundance of 
corrosion studies and results that are used today for optimization of corrosion control 
within municipal drinking water systems (Stumm, 1956; Larson and Skold, 1957; 
AwwaRF and DVGW, 1996; McNeil and Edwards, 2001).  
Several organizations have invested into corrosion research projects with the 
intent of gaining a better understanding of the complexities of internal corrosion in water 
systems. It has been recognized that types of corrosion and minimization of related issues 
are dependent on a variety of factors including source water, treatment technology and 




be locationally dependent. Understanding these complexities, many water purveyors are 
investing specifically into corrosion related research to identify the potential issues for 
their system and develop corrosion control programs to minimize water quality and 
system impacts.  
Although there is much knowledge in the professional community regarding 
corrosion, water purveyors would benefit from the documentation of a corrosion control 
study designed to address the needs of a utility experiencing changes in process 
operations and finished water quality in an effort to minimize system disruptions while 
maintaining compliance with regulatory requirements. The research reported herein is 
intended to further highlight the complexities of corrosion, describe a unique approach to 
corrosion monitoring as well as offer various recommendations for corrosion control in a 
system that relies on a blended water supply.   
Research Objectives 
The Town of Jupiter (Town) recently changed its water treatment operations from 
a combination of reverse osmosis (RO), lime softening (LS) and anion-exchange (IX) to a 
combination of RO, IX and nanofiltration (NF). A change from the older LS technology 
to new NF process was implemented to enhance consumer water quality; however, the 
Town was concerned that the change in treatment could result in causing secondary 
impacts on corrosion rates of in-plant and distribution system infrastructure, such as 
piping, joints, clearwell structures, pumps and other related appurtenances.  
The historical water process configuration, RO-LS-IX, provided to the Town’s 




research has suggested that deviation from historical water quality conditions can disrupt 
the existing equilibrium accelerating corrosion and effecting system water quality, 
consumer acceptance, and regulatory compliance (AWWA, 2011b; USEPA, 2004; 
USEPA, 2007). Thus, the utility is concerned with potential corrosion related issues 
within their distribution system as transition to NF changed finished water pH, alkalinity 
and hardness concentrations. In addition, transition from LS to NF affected facility 
operations and blending of the different product waters. Prior to implementation of the 
NF facility, the RO, IX and LS process streams were blended in a common clearwell. 
Currently, this common clearwell serves as an intermediate blend point for only the RO 
and IX treated waters. The intermediate blend is transported downstream to a newly 
constructed clearwell where final blending and stabilization occur with the NF process. 
Therefore, in addition to distribution system corrosion related issues, the Town has also 
expressed concerns with the corrosivity of the intermediate RO-IX blend, and its effects 
on the existing clearwell and pipe network. 
At the request of the Town, University of Central Florida (UCF) developed a 
corrosion monitoring study to assess the potential impacts related to internal corrosion, 
water quality and regulatory compliance after integrating NF into the existing water 
supply. Research was conducted in several phases to address the in-plant and distribution 
system corrosion issues separately and identify appropriate corrosion control treatment 
alternatives. The objectives of this research include: 
1. To determine the impact of integrating the NF process into the existing water 
supply with a specific focus on changes in water quality and corrosion of in-




2. Review the Town’s blending operations and evaluate the extent of in-plant 
infrastructure corrosion 
3. Evaluate corrosion control alternatives for in-plant corrosion control 
4. Review the results of historical LCR compliance monitoring results to 
determine the impact of the Town’s process changes on regulatory compliance 
5. Determine the extent of distribution system corrosion and evaluate corrosion 
control alternatives 
6. Provide recommendations for corrosion control of in-plant and distribution 
system components based on the results of this research 
 
The results of this research effort have been documented herein. This thesis is 
organized to first provide an overview of relative literature pertaining to corrosion theory, 
impacts and control measures as related to municipal drinking water systems. The 
remainder of this work provides a description of the Town’s water treatment facility and 
layout of operations as well as describes the means, methods and materials used during 
data collection and analysis. Finally, the results are provided along with discussion of 






CHAPTER 2: LITERATURE REVIEW 
Background 
Internal corrosion of drinking water systems has long been a recognized issue 
facing the drinking water industry, affecting public health, public acceptance of a water 
supply, and the cost of providing safe water (AWWA, 2011a; Edwards, 2004; WHO, 
2006). Internal corrosion can cause degradation of water quality affecting the ability to 
comply with the multitude of environmental regulations, not the least of which is the 
Environmental Protection Agency’s (EPA’s) Safe Drinking Water Act (SDWA). In 
addition, water purveyors throughout the United States (U.S.) and its territories face a 
variety of environmental infrastructural challenges including internal corrosion, 
deterioration and even failure of treatment plant, distributions system and household 
water conveyance components (AWWA, 2001; AWWA, 2012; USEPA, 2009; Edwards, 
2004). As such, maintaining the integrity of drinking water system materials and 
distribution system water quality are becoming increasingly important to drinking water 
suppliers (AWWA, 2011b). 
As the SDWA has matured, the requirements have become increasingly more 
stringent and more complicated, and are based on best-available science and technology 
at the time of promulgation. These continuing advances in regulatory constraints and 
aesthetic criteria for consumer water quality have driven the water community to seek 
new technologies that meet these criteria. Foremost among regulatory constraints are 
disinfection requirements, disinfection by-product (DBP) formation and corrosion control 




public notification and Consumer Confidence Reports, and they have always been aware 
of the appearance, taste and odor in their drinking water. 
In response, many utilities are upgrading existing systems to include new 
technologies that offer better removals of various contaminants and DBP precursor 
material. Membrane processes including RO, NF, microfiltration (MF) and ultrafiltration 
(UF) represent superior technologies with respect to the ability to remove majority of 
drinking water contaminants or DBP precursor material (AWWA, 2011b). As such, water 
purveyors are turning to these technologies for production of enhanced finished water 
qualities. In addition, development and improvements in membrane technology have 
made it more economically feasible to treat impaired source waters (i.e., sea- or brackish 
water) allowing facilities to replace or augment more traditional water supplies (i.e., fresh 
ground or surface water) (Duranceau et al, 2011). 
Permeate water from a membrane process is characteristically unstable because of 
its low mineral content and fairly high concentration of dissolved gases including 
oxygen, and may not be suitable for consumption without adequate post treatment 
(AWWA, 2011b; WHO, 2003). Without proper post treatment or chemical addition, the 
water can be corrosive especially towards pipe components and appurtenances 
(Duranceau et al, 2011; AWWA, 2007; Lahav & Burnhack, 2007; Duranceau, 2001; 
Imran et al, 2006; Byrne, 1995; Duranceau, 1993; Taylor et al, 1989; Applegate, 1986). 
As a result, utilities are facing issues and secondary impacts related to corrosion as they 
integrate membrane process water into the existing system. Therefore, much of the 




Further complicating drinking water and corrosion related issues is blending of 
membrane process permeate within an existing system. More current research objectives 
have focused on the optimization of blending multiple source waters to reduce corrosive 
impacts (AWWA, 2011a, Duranceau et al, 2011; Imran et al, 2006; Tang et al, 2006a; 
Tang et al, 2006b; Taylor et al, 2006; and Xiao, 2007). Work highlights the need to take 
a multi-objective approach towards corrosion control and identifying acceptable finished 
water quality (Imran et al, 2006). Research has shown that different pipe materials have 
conflicting water quality requirements for release abatement. Furthermore finished water 
quality must also comply with provisions of the SDWA for contaminant removal and 
disinfection requirements while also considering aesthetic impacts. These interdependent 
complexities require that water purveyors evaluate tradeoffs between water quality and 
corrosion control (Imran et al, 2006). 
The purpose of this chapter is to provide a review of the relevant literature 
pertaining to corrosion theory, impacts and control mechanisms as related to municipal 
drinking water systems. The literature is abundant with corrosion research, and this 
overview of corrosion literature is not intended to be exhaustive, but rather provide a 
summary of relevant subjects as they pertain to this research study. Furthermore, focus 
will be placed on research related to membrane permeate post treatment and stabilization 
as well as corrosion control of blended water supplies. 
Theory 
Corrosion of metallic species typically involves electrochemical interactions 




conducting environmental typically represents the finished water product, although 
corrosion can occur between metal and gaseous environments. For corrosion to occur, the 
anode, cathode and electrical connection components of an electrochemical cell must be 
present along with an electrolyte solution (AWWA 2011b). The anodic and cathodic sites 
can randomly generate along a metal pipe surface when a difference in electrical potential 
occurs. Different factors can promote or initiate the formation of anodic and cathodic 
sites on a pipe surface such as irregularities during manufacturing, deposition of particles, 
solders used for installation and repair, and/or formation of biofilms. Figure 2.1 illustrates 
anodes and cathodes that can exist along a pipe surface. 
 
Figure 2.1 Illustration of interior pipe corrosion (adapted from Crittenden et al, 
2005) 
In this electrochemical process, oxidation and dissolution of the metal takes place 
at the anode or the negatively charged portion of the electrochemical cell. Electrons are 




cathode through the conductor. Electron acceptors, such as oxygen or hydrogen, are 
available at the cathode and combine with available electrons. Negatively and positively 
charged ions generated at the anodes and cathodes migrate towards the oppositely 
charged centers in order to maintain electroneutrality. These series of reactions provide a 
simple explanation of the physical and chemical processes that occur during corrosion to 
produced oxidized metal species. (AWWA, 2011b; Crittenden et al, 2005) 
The oxidation reaction occurs as a result of an electrical potential difference that 
exists between the conducting solution and metal surface. This potential develops from 
the need for the system to reach chemical equilibrium. The general oxidation reaction has 




            (2.1) 
   As indicated in Equation 2.1, the oxidation state of the metal substance is 
equivalent to the number of electrons lost by that species. The reaction will proceed until 
an equilibrium is established between the metal surface and conducting solution. The 
occurrence and relative proximity of anodes and cathodes on a metal surface influence 
the types of corrosion that occur. Anodes and cathodes that are close in proximity and 
distributed across the metal surface typically result in uniform corrosion. Uniform 
corrosion will likely build up a layer of oxidized metal products reducing the hydraulic 
capacity of a pipe. Localized anodes and cathodes that are separated by distance are more 
likely to cause non-uniform or pitting corrosion. Pitting corrosion can result in pinhole 
leaks on the pipe surface requiring replacement. In general, corrosion compromises the 




 The oxidation reaction shown in Equation 2.1 is coupled by an equivalent 
reduction reaction that consumes the electrons donated from the metal species. This 
reaction occurs in the cathodic region. In drinking water, the reaction typically involves 
water, oxygen, disinfectant and/or another oxidizing agent. Each half reaction has an 
associated standard potential, expressed in volts (V) or millivolts (mV) that is determined 
from considering an electrochemical cell with a standard hydrogen reference electrode. 
The overall potential of the reaction couple can be determined by combining the 
oxidizing and reducing half reactions. (AWWA, 2011b) 
Thermodynamics of Metallic Corrosion 
The concepts of electrochemistry, oxidation and reduction reactions along with 
the standard electrode potentials can be combined with thermodynamics to determine the 
free energy of corrosion reactions. In general, if the free energy of the reaction is positive, 
then corrosion will not occur; if the free energy of the reaction is negative then corrosion 
may occur (Crittenden et al, 2005). Free energy determinations alone is not sufficient to 
accurately predict the occurrence of corrosion as other conditions may be necessary for 
initiation and propagation of significant, observable corrosion activities. In addition, 
thermodynamic calculations do not give insight into the kinetics of reactions, thus, a 
corrosion reaction may be favorable thermodynamically, but the rate of reaction is very 
slow. Still, thermodynamics can be used to determine if corrosion is possible. Important 
concepts have been developed from consider thermodynamics, electrochemical concepts 





The basic concepts of Faraday’s Law can be explained by considering an 
electrochemical cell, such as the one pictured in Figure 2.2. When the two electrodes of 
the cell are connected through a metallic conductor, electrons will flow through the 
external circuit, and a chemical change will begin to take place (Sawyer et al, 2003). This 
flow of electrons also generates a current, I, which is typically measured in amperes, A. 
The number of electrons is referred to as a Faraday (F) and F is equivalent to an ampere 
of current flowing for 96,485 seconds (Sawyer et al, 2005). Equations 2.2 and 2.3 
mathematically explain the relationship between current, amperage and F. 
 
 




                      (2.2) 
             (2.3) 
 The flow of electrons generates a current, which can be measured with a 
voltmeter. The voltage measured from the electrochemical process can be referred to as 
the electromotive force (emf). The emf represents the driving force of the chemical 
reaction occurring in the electrochemical cell. This measured voltage represents the 
electrochemical potential of a given reaction. Faraday’s law relates the electrochemical 
potential to chemical free energy using the following equation. 
        (2.4) 
Where: ΔG = reaction free energy change 
 z = number of electron equivalents per mole 
 F = 96,485 C/eq 
 E = electrochemical cell potential (V) 
From Equation 2.4, the change in free energy of an electrochemical reaction can be 
determined. 
The Nernst Equation 
The Nernst equation builds on concepts introduced in Faraday’s Law. This 
equation highlights the relationship between thermodynamics, standard electrochemical 
cell potentials, and Faraday’s law (Langmuir, 1997; Butler and Cogley, 1998; Jensen, 
2003; Sawyer et al, 2005; AWWA (2011b). 
Consider the following chemical reaction: 




From thermodynamics, it has been established that the free energy of this reaction can be 
determined using Equation 2.5. 
           
{ } { } 




 = standard free energy change 
  R = universal gas constant = 8.314 J/K-mol 
  T = absolute temperature (K) 
  {} = individual ion activity 
Equation 2.5 can be simplified: 
  
{ } { } 
{ } { } 
 (2.6) 
             (2.7) 
The relationship for E has been shown in Equation 2.4 and can be substituted into 2.7. 
     
  
  
    (2.8) 
 Where: E
0
 = standard electrochemical cell potential 
As previously stated, E
0
, or the standard electrode potential, can be determined for a 
given reaction by considering an electrochemical cell consisting of the component of 
interest along with a standard hydrogen electrode (E
0
 = 0). These values exist and have 
been tabulated similar to standard free energy or enthalpy values. 
 Equation 2.8 represents the Nernst Equation. This relationship can be used along 
with standard half cell potentials to determine the potential of a given reaction. This is of 




combined to determine their overall potential, and whether the overall reaction can 
thermodynamically proceed as written. 
Measuring Corrosion 
The process of corrosion or metal oxidation results in the loss of metal over time. 
The oxidized metal species donate electrons to acceptable electron acceptors. The rate of 
electron transfer can be measured as a current, which can then be converted to weight 
loss using concepts from Faraday’s law (Crittenden et al, 2005). Equation (2.8) 
mathematically represents the relationship between weight loss and current generated 
from electron transfer. 
   
     
  
 (2.9) 
 Where: MW = rate of weight loss, g/s 
  AM = atomic weight of metal, g/mole 
  I = electrical current, A, C/s 
Although corrosion measurements are often obtained by measuring the weight loss of the 
metal specimen, the results are typically expressed as a rate of uniform attrition of the 
metal surface (Crittenden et al, 2005). The typical unit of measurement is mils per year 
(mpy). A mil is a unit of length representing 1/1000 of an inch. Corrosion rates expressed 
in units of mils per year represent the thickness of metal being lost over time. There are 
various techniques that can be used to experimentally measure corrosion including 
weight loss or gravimetric techniques and electrochemical techniques such as linear 





The gravimetric technique or weight loss method is perhaps the least expensive 
and simplest method for corrosion monitoring (Hsieh et al, 2010). A corrosion coupon is 
placed in a corroding environment, such as water, for a specified period. After the 
elapsed time, the specimen is removed and cleaned according to ASTM G1 procedures, 
which is a standard practice for preparing, cleaning and evaluating corrosion test 
specimens (ASTM, 2011). The corrosion rate is determined by comparing the initial and 
final weights of the corrosion coupon after cleaning. The corrosion rate, in mpy, can be 
calculated from the following equation using the weight loss, density, surface area of 
metal and exposure time. The corrosion rate calculated assumes uniform corrosion. This 
method is simple and cost effective, but only provides an average corrosion rate at the 
end of an experimental period (Hsieh et al, 2010). 
Linear Polarization Resistance 
Instantaneous corrosion rate measurements are often of better use in a corrosion 
study as they provide real time corrosion rates that can reflect changes in operation as 
well as observing the trend of corrosion over time. Electrochemical techniques have been 
developed that provide the ability to measure instantaneous corrosion rates. There are 
several techniques available including the LPR method, which is most applicable for 
long-term, continuous corrosion monitoring (Hsieh et al, 2010). This technique originates 
from the mixed potential theory of corrosion where fundamental corrosion concepts are 
combined with the principles of electrochemistry. Early studies done by Wagner and 
Traud (1938) revealed a linear relationship between applied potential and current 




metals in an electrochemical cell. Then the resulting corrosion current was measured; the 
relationship between applied potential and corrosion current exhibited a linear trend. The 
slope of this line was referred to as a Tafel constant.  
Stern and Geary (1957) re-visited these studies and developed the Stern-Geary 
equation based on polarization resistance. Polarization resistance relates a constant, B, 
and corrosion current, which can then be related to the actual corrosion rate (Stern and 
Geary, 1957; Stern, 1958; Hsieh et al, 2010). The constant, B, is based on the Tafel 
constants that were developed earlier. This value can be experimentally or empirically 
determined. Polarization resistance, the Stern-Geary constant and Faraday’s constant can 
be used together to determine the corrosion rate. Instrumentation has been developed to 
obtain these measurements. The instrument measures the corrosion current between metal 
electrodes, and then using the relationships developed by Stern and Geary, calculates a 
corrosion rate. The linear polarization resistance method can be used to obtain 
instantaneous corrosion rates without compromising or changing the surface properties of 
the metal.  
Types of Corrosion 
Many different types of corrosion exist and depend on a variety of factors, 
including but not limited to ionic strength of water, temperature, presence and 
concentration of oxidants, solubility of metal and presence of bacteria (Snoeyink and 
Wager, 1996; Crittenden et al 2005; AWWA 2011a; AWWA 2011b). Although the main 
concern regarding corrosion and drinking water distribution systems is elevated metal 




column (AWWA, 2011a). Some of the most significant corrosion types as related to 
municipal water systems are covered herein. 
Uniform Corrosion 
Uniform corrosion is initiated and propagated after the components of an 
electrochemical cell are present on a metal pipe’s interior surface. Small, microscopic 
sites of anodes and cathodes generate dynamically throughout the pipe surface resulting 
in uniform loss of metal (Snoeyink and Wagner, 1996; AWWA 2011a, AWWA 2011b). 
Electrons flow from the microscopic anodes to cathodes through the pipe wall. The 
oxidized metal is produced at the anode, while the electrons combine with oxidizers or 
electron acceptors at the cathodes. Some research has suggested that natural microscopic 
imperfections and variations on the metal surface contribute to this phenomenon 
(AwwaRF and TZW, 1996) 
The oxidation of metal that occurs at the localized anodes releases metal into the 
water column. This positively charged metal can combine with other negatively charged 
ions. The new compounds that form can either stay suspended in the water column or can 
settle back onto the metal surface building up an oxidized metal layer on the interior of 
pipe walls.   
Galvanic Corrosion 
Galvanic corrosion occurs when two dissimilar pipe metal materials are in 
contact. One of the metals acts as the anode while the other acts as the cathode. Since 




experiences an increase in corrosion while reduced corrosion rates occur at the cathode 
(Crittenden et al, 2005; AWWA, 2011b).  
The occurrence of galvanically induced corrosion relates back to electrochemical 
concepts. Each metal has an individual affinity for electrons. Those metals with a higher 
affinity for electrons are less likely to corrode while the opposite is true for metals with a 
lower affinity for electrons. Based on this, metals and alloys can be arranged by their 
tendency to corrode called a galvanic series. The galvanic series of a group of metals can 
be approximated by considering their standard electrode potentials, which gives insight 
into the tendency of a half cell reaction to be oxidizing or reducing. However, in potable 
water environments, temperature and solution chemistry are also major factors when 
considering interactions of different types of metals. Still, generalizations have been 
made about different metal groups with respect to municipal water systems. A galvanic 
series could be arranged with zinc, iron, lead and copper. Zinc would be considered to 
have the greatest tendency to give up electrons followed by iron, lead and copper. 
Pitting Corrosion 
Pitting corrosion is an example of non-uniform corrosion. An electrochemical cell 
exists on the pipe surface but remains stationary where localized loss of metal occurs at 
the anode. As such, pitting corrosion typically results in pits or holes on a pipe’s surface. 
Pitting corrosion typically begins or concentrates at points on the pipe surface where 
imperfections exist or particles from the water column have deposited (AWWA, 2011b). 
Pinhole leaks can occur in a relatively short amount of time, do not necessarily correlate 




replacement. In addition, high instances of pitting corrosion do not necessary result in 
significant metal release or elevated levels of metal concentrations (Edwards et al, 1994; 
AWWA, 2011b). 
Microbiologically Influenced Corrosion 
Microorganisms, although often overlooked, can play a significant role in 
initiating and propagating internal corrosion. According to Crittenden et al, 2005, bacteria 
have the ability to accelerate corrosion in many ways including: 
1. Form zones of high acidity or high concentrations of corrosive species 
2. Increase electrolytic concentrations at surface sites 
3. Favor electron transfer 
4. Mediate oxidation 
5. Disrupt existing pipe scales or surface films 
6. Accelerate the removal of corrosion reaction products and thus corrosion 
kinetics 
7. Use the redox potential of reactions to obtain energy for metabolic needs 
In addition, bacteria may require trace amount of metals such as iron or copper to 
supplement metabolic activities. Microbially influenced corrosion (MIC) is not limited to 
aerobic organisms. Anaerobic bacteria may also contribute because of their ability to 
thrive within biofilms that form on the interior of pipe surfaces (Crittenden et al 2005). 
In general, bacteria do not get nourishment from the metal pipe itself, but rather 
the surrounding water environment. In fact, high concentrations of metallic substances 




to adapt in such environments by secreting an enzyme to protect themselves from the 
toxic environment (AWWA, 2011b). This enzyme is typically acidic, which creates 
localized drops in pH helping initiating MIC (Bremer et al 2001).  
Research has suggested that MIC plays a significant role in the occurrence of 
pitting corrosion. Valcarce et al, 2005, studied MIC and pitting corrosion of copper by 
injecting bacteria into artificial tap water. It was found that the occurrence of pitting 
corrosion was greater in the presence of bacteria. There is evidence that MIC effects iron 
pipe where pitting and tubercle corrosion occur. Research has shown that sulfate reducing 
bacteria play an important role within iron tubercles, changing their chemical and 
physical properties (Burlingame et al, 2006; Lytle et al 2005). In addition, the 
characteristic uneven texture of iron pipe encourages particle deposition and biofilm 
growth, further complicating this issue (AWWA, 2011b). 
Erosion Corrosion 
Erosion corrosion is another type of non-uniform corrosion. It is typically 
observed in areas of high water velocity that can scour pipe walls, contributing to surface 
irregularity (AwwaRF and TZW, 1996). In addition, cavitation, caused by sudden 
hydraulic changes, can contribute to erosion corrosion (AWWA, 2011b). High velocities 
can disrupt existing pipe scale or protective barriers that act to inhibit electrochemical 





Concentration Cell Corrosion 
Concentration cell corrosion can occur when differences in the composition of 
water occur (AWWA 2011a; AWWA 2011b). For example, water can exhibit localized 
areas of high or low pH or elevated levels of dissolved oxygen (DO). These differences 
can occur as a result of other interactions, such as microbiological activity, which is 
another factor influencing corrosion, nonetheless can propagate localized areas of high 
corrosion. 
When concentration cell corrosion is caused by differential DO concentrations, it 
is often referred to as differential oxygenation corrosion (Snoeyink and Wagner, 1996). 
Common areas for this to occur are between two metal surfaces, such as under washers, 
in crevices or under debris such as particles that have deposited onto the pipe surface 
(AWWA, 2011b). 
Stray Current Corrosion 
Stray current induced corrosion is a phenomenon that is suspected to occur from 
the practice of using underground water piping as part of the electrical grounding system 
of a building (Duranceau et al, 1998). Typically, the damage is seen on the exterior of the 
pipe where current leaves and flows into the soil (Bell et al, 1995a; Duranceau et al, 
1998). Less documented and understood is the effects of stray current corrosion on metal 
release and water quality (AWWA, 2011b). Still, it is generally believed that stray 
current, including ac and dc current, can play a significant role in non-uniform corrosion 





The Effects of Internal Corrosion on System Water Quality 
Corrosion of system components may lead to various water quality issues 
including metal release, discolored or turbid water, scale deposition and loss of hydraulic 
flow capacity, microbiological re-growth and disinfectant residual maintenance (AWWA, 
2011b). Promulgation of the Lead and Copper Rule (LCR) in by the USEPA (1991), and 
subsequent revisions, created an increased awareness and emphasis on corrosion control 
in distribution systems as related to health effects and regulatory compliance (USEPA, 
2002a). Lead and copper are the only two metals regulated as corrosion by-products at 
consumers’ taps, however the occurrence of other metals, such as cadmium, iron, tin, and 
zinc, in water supplies is largely attributable to corrosion of plumbing materials (AWWA, 
2011b). 
Many of the color issues typically encountered in drinking water are attributable 
to internal corrosion of metallic components (Kirmeyer et al. 2000). Corrosion of-, or 
release of existing scale on-, iron pipes or iron containing appurtenances can result in 
rust-colored or red water, which is due to the presence of ferric iron (Fe(III)). Iron 
corrosion and release of ferrous iron (Fe(II)) may also result in yellow or black colored 
water. Corrosion of copper containing components may result in blue water. Red, black 
or blue colored water can stain laundry, plumbing or bathroom fixtures and hair, and 
generally affects the appearance and acceptance of water by consumers. Although iron 
corrosion and issues related to discolored water are non-enforceable, secondary drinking 
water standards (USEPA, 2002b), they are generally considered a nuisance to water 




Corrosion products attach to and accumulate on pipe surfaces, possibly leading to 
indirect health-related issues as they can protect microorganisms from disinfectants. 
These organisms can then grow and reproduce creating bad tastes and odors. Elevated 
levels of bacteria also affect disinfectant demand and residual maintenance. These 
factors, in-turn, proliferate microbial re-growth within the distribution system, creating 
conditions that are unfavorable for the maintenance of acceptable water quality. Although 
it is often overlooked, increased numbers of bacteria can result in microbially influenced 
corrosion (MIC) (AWWA, 2011a). MIC is suspected to be one of the causal factors of 
pitting corrosion in copper pipes as well as failure of home plumbing (Cantor et al 2003; 
Cantor et al 2006). In general, areas of low pressure, stagnant water, fluctuating 
temperatures and low disinfectant residual are some of the contributing factors to 
elevated bacteria within a drinking water system, which then can promote MIC and 
associated impacts. 
Corrosion Control and Prevention Mechanisms 
There are various methods that can be used for the prevention and control of 
corrosion within water systems. The basic, underlying concept involves conditions that 
promote water stability and inhibit the electrochemical or metal oxidation process. The 
complete elimination of corrosion is unlikely and most treatment applications will simply 
reduce corrosion potential. In addition, the success of any given treatment is source water 
and system specific and includes other factors such as system age and piping material. 
The most commons ways of achieving adequate corrosion control involve selection of 





Corrosion of municipal water systems can be reduced through selection of proper 
materials for hydraulic conveyance components. This is especially true for newly 
constructed facilities and systems. However, rarely is this the case, as most systems were 
designed and constructed prior to the LCR promulgation when an increased focus was 
placed corrosion control. Still, these concepts can be utilized by those water purveyors 
when considering system upgrades, expansion or materials replacement. 
The most common materials available for use in municipal water systems are 
iron, cement, steel, lead, copper, brass and plastic. Iron pipe can be either lined or unlined 
and include ductile or cast iron alloys. Water mains constructed from iron alloys were 
primarily used in the late 19
th
 and early to mid 20
th
 centuries (AWWA, 2011a). It is 
approximated that 20 percent of the water mains in North America are lined with 
asbestos-cement or cement-mortar (AWWA, 2011a). Asbestos-cement pipe was popular 
because of its corrosion resistance. However, health concerns from the potential release 
of asbestos fibers have limited the installation of new asbestos-cement pipe (AwwaRF 
and TZW, 1996). Other cement-lined pipes are considered to be generally resistant to 
corrosion; however leaching of calcium or other materials from cement linings has been 
known to occur effecting taste and appearance of water (AWWA, 2011a). 
Improvements in the plastics technologies led to the use of polyvinyl chloride 





 centuries. (AWWA, 2011a). In existing systems, older water mains and service 




aggressive water environments as it generally resistant to corrosion (AWWA, 2011a). 
However, plastic piping is less resistant to biofilm formation, less durable with respect to 
line breaks and may be more difficult to locate when buried as it does not conduct 
electrical currents used for tracing (AWWA, 2011a). In addition, more recent research 
has looked into the potential health effects of plasticizers that can leach from the plastic 
surface into water. 
Older service lines were made from lead because of its durability and general 
resistance to corrosion. However, the Lead Contamination Control Act of 1988 
prohibited continued usage of lead pipes for water service lines (AWWA, 2011a). 
Promulgation of the LCR along with subsequent revisions established programs to help 
water purveyors replace existing lead service lines (USEPA, 2002a). Service lines can 
also be constructed of iron, iron alloys, copper and plastic. 
Other than service lines, the majority of lead and copper that contributes to 
elevated concentrations in the distribution system results from premise plumbing 
(AWWA, 2011a). Many homes contain copper piping because of its durability and 
relatively low cost. Lead can be found in household plumbing, including pipe jointing 
compounds or lead solders In addition, household faucets or fixtures may be made of 
copper or brass which can contain lead as well. Although utilities cannot control the 
materials that customers use for household plumbing, programs can be in place to 
promote education on the subject, which will benefit the municipality in compliance with 
the LCR. 
The selection of piping material should consider water chemistry, topography and 




existing systems, a material should be selected for durability and the ability to withstand 
external corrosion from the surrounding soil environment and internal corrosion from the 
anticipated water quality conditions (AWWA, 2011a; AWWA, 2011b). In addition, 
comparable materials should be used in a system to avoid galvanically induced corrosion. 
Consideration should also be given to the design and implementation of pipes and 
structures within the municipal water system. The primary purpose of the system is to 
deliver sufficient water to satisfy average and peak water demands while accounting for 
fire protection. As such, water system piping is sized to meet fire demands. This results in 
large transmission mains that often have long residence times. Still, systems should be 
designed to avoid stagnation and dead ends while maintaining adequate system pressure 
and velocity. In addition, provisions should be made for system maintenance and flushing 
to offset the need to design for fire protection. 
Water Quality Considerations 
Finished water quality parameters selected for minimization of corrosion are 
typically intended to inhibit dissolution by altering water characteristics such that 
chemical reactions between the water and the pipe surface favor the formation of a 
protective layer on the interior pipe walls (Duranceau et al, 2011; Singley et al 1985). 
The ideal protective coating would be present throughout the distribution and home 
plumbing systems, be relatively impermeable and resistant to abrupt changes in water 
velocity and/or flow direction, and be less soluble than the pipe material. The formation 





Water quality can be modified at the treatment plant to reduce corrosion. In 
general, treatment plants should include provisions for post treatment or stabilization of 
product water prior storage and distribution. This is especially true for treatment 
processes that produce water depleted in mineral content, such as membrane processes. 
Water that is not considered stable may experience wide fluctuations in water quality, be 
chemically aggressive and characteristically corrosive towards hydraulic conveyance 
components.  
Most often, treatment options include pH adjustment or dissolved inorganic 
carbon (DIC) adjustment. These parameters are often interrelated, and must be 
considered together when establishing water quality goals. In addition, disinfection must 
also be included in post treatment design and may also affect the oxidizing potential of 
the water.  
The adjustment of pH is the most common method for reducing corrosion in 
distribution systems (AWWA, 2011a). The pH of water is a major factor that determines 
the solubility of most metallic pipe materials and gives an overall indication of the 
relative stability of water. Various studies have been done to correlate the effect of pH 
with corrosion in pipes. The EPA recommends that finished water quality ranges from a 
pH of 6.5 to 8.5 according to their National Secondary Drinking Water Regulations, 
which are non-enforceable, however some states may require compliance. In general, a 
lower pH is associated with a more aggressive water, which is less desirable from a 
corrosion control standpoint, while a higher pH (pH > 8) typically represents a more 
stabilized water that is less prone to corrosion events. Still, pH cannot be analyzed as an 




in a system is directly related to the alkalinity and calcium or hardness concentration. 
Thus, it is difficult to consider and analyze pH alone when discussing corrosion control 
and water quality goals due to its interrelation with various other parameters. 
Alkalinity in water is a measure of the general buffering capacity and is 
considered an important parameter regarding water stability. Alkalinity can be defined 
mathematically using Equation 2.9. Increasing the alkalinity generally leads to lower 
corrosion rate and results in fewer changes in pH of distributed water; however, excess 
alkalinity can cause scale deposition where calcium and magnesium may be present. 
Dissolved calcium and magnesium primarily comprise water hardness. Water hardness is 
often discussed in conjunction with alkalinity when addressing post-treatment and water 
stability. Alkalinity and hardness together can be used to determine the DIC of a water 
supply. 
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Alkalinity depends on the concentration of bicarbonate, carbonate, and hydroxide 
ions in water, as shown in Equation 2.9. According to Lahav and Birnhack (2007) for a 
given pH value, the higher the alkalinity value, the higher the ability of the water to 
withstand changes in pH. A higher alkalinity at a given pH translates into a higher 
dissolved inorganic carbon (DIC) concentration of the carbonate species (CO3
2-
). 
However, too high of an alkalinity at higher pH levels may accelerate lead and copper 
metal release (Duranceau et. al, 2004; Taylor et al 2005). In addition, the pH of water can 
affect the form of alkalinity where bicarbonate (HCO3
-
) dominates at lower pHs and 
carbonate (CO3
2-
) and hydroxide (OH
-




the finished water pH while bicarbonate and carbonate forms of alkalinity provide 
adequate buffering capacity to prevent pH variations within the system. 
These parameters, pH, alkalinity and hardness, together are often used to calculate 
various corrosion indices including, but not limited to buffer capacity, calcium carbonate 
precipitation potential (CCPP) and Langelier Saturation Index (LSI). Water’s buffering 
capacity generally refers to its resistance to changes in pH, which is often the goal of 
post-treatment: to produce finished water that is sufficiently buffered so as to resist pH 
changes in the distribution system. CCPP and LSI more specifically refer the propensity 
of water to dissolve or deposit calcium. Waters that are super saturated with respect to 
calcium carbonate are generally considered to be non-corrosive due to the increased 
likelihood of depositing calcium carbonate; while the opposite is generally believed for 
waters under saturated with respect to calcium carbonate. Early theories on corrosion 
control for drinking water supplies included the belief that deposition of a thin layer of 
calcium carbonate on the inside of pipe walls was beneficial to protect the metallic 
surface underneath. Likewise, waters with a positive calcium saturation index are 
believed to behave in this manner. 
Sole reliance on these or other corrosion indices to evaluate the corrosivity of a 
finished water supply may be misleading. According to McNeill and Edwards (2001), the 
LSI has been improperly applied as a cure-all method for solving corrosion problems 
since it was first proposed in 1936, and it should not be singularly relied upon as a 
method for controlling internal corrosion. As noted by McNeill and Edwards, the 
AWWA manual on corrosion states “In light of much empirical contradicting of the 




Despite these criticisms offered by McNeill, Edwards, and others, it still remains that 
most regulatory agencies within the USA require water purveyors to monitor, document 
and report the LSI on water purveyor monthly operating reports, particularly where 
advanced processes are used in part or entirely for treatment, and are deemed important 
with regards to utility administrator decision-making and regulatory monitoring purposes. 
Chemical Inhibitors 
Inhibitors have found wide spread use as a method of corrosion control. The most 
prominent forms of inhibitors used are orthophosphates, polyphosphates, zinc 
phosphates, and silicates (AwwaRF and DVGW, 1996). Operating data indicate that the 
choice of inhibitor depends upon pH, alkalinity, calcium and total hardness, chloride, 
sulfide, iron concentrations, and dissolved oxygen levels of the source water. The 
inhibitors control corrosion by several mechanisms, including: 
 Sequestering of the corrosion by-products, specifically lead and copper 
 Scale inhibition 
 Development of a coating film on the pipe walls 
 Buffering the water at the desired pH 
There are a diverse range of corrosion inhibitor formulations that are offered 
commercially by manufacturers/vendors. The two major types are phosphates and 
silicates. Inhibitors for use in potable water must comply with the standards established 




National Sanitation Foundation (NSF), Health Effect Standard 60 for Direct Additives to 
Drinking Water Supplies. The common types of inhibitors available include: 




The type of inhibitor that may be used for corrosion control is determined by the 
calcium, alkalinity, pH and temperature of the source water. Other constituents that may 
affect the selection of an inhibitor and the effective dose include iron, manganese, total 
hardness, sulfate, chloride, sodium and TDS. The use of inhibitors for corrosion control is 
analogous to the maintenance of chlorine residual within the distribution system. The 
elevated initial dose is reduced after the distribution system becomes stabilized. A typical 
maintenance dose is 0.5 to 1.25 mg/L. Consideration should be given to the secondary 
impacts of using an inhibitor, particularly if the product interferes with reuse of treated 
effluent from the wastewater treatment facility. Inhibitors are effective over a constrained 
pH range. It is important to maintain the pH range throughout the distribution system as 
well as to utilize an inhibitor that is not subject to rapid hydrolysis effects. This requires 
that the source water be well buffered to the targeted pH range to prevent variations in the 
distribution system. Fluctuations in pH result primarily from low carbonate alkalinity. 
The mechanisms by which orthophosphates protect the surface are unclear. 
Unlike some corrosion scales that create a physical barrier to mass transport, phosphate 
films appear to passivate the corroding surface by changing the fundamental nature of the 




orthophosphate form is considered the portion that actively participates in the passivation 
mechanisms. Polyphosphate may also be present along with orthophosphate. This 
phosphate form acts as a chemical sequesterants and typically reverts (hydrolyzes) with 
time resulting in an increase in the orthophosphate ion (USEPA, 1992). This slow 
reversion of the polyphosphate to the orthophosphate form can allow the film formation 
to travel further into the distribution system (Harms et al, 1994). The orthophosphate 
concentration must be maintained for the passivation to be effective as a corrosion 
control technique (Harms et al, 1994). Phosphate based corrosion inhibitors have 
successfully been used for the reduction of iron, lead and copper corrosion (McNeill and 
Edwards, 2001). Factors that determine the effectiveness of a particular inhibitor include: 
 Initial water quality 
 Type and dose of inhibitor 
 Pipe material and condition 
Secondary impacts associated with addition of phosphates to the drinking water 
should also be considered prior to implementation. Increased phosphate loading to 
wastewater plants can affect their ability to comply with discharge and reuse permits. In 
addition, zinc-based orthophosphates may increase zinc loadings to wastewater facilities, 
which may affect land application rates for biosolids derived from those plants (Ramaley, 
1993). In general, altering the chemical nature of an existing water supply may result in 
aesthetic and/or regulatory implications for a system. Presence of the chemical inhibitor 
can disrupt the equilibrium of an existing system leading to increased turbidity, changes 
in color or taste, impacts to disinfect residual maintenance and the like. Potential 




inhibitor chemical. Another consideration is the regulatory requirement to monitor for 
phosphate concentrations. For public water systems that apply a phosphate-based 






CHAPTER 3: EXISTING SYSTEM AND FACILITY LAYOUT 
Overview 
Testing and data collection has been conducted at the Town of Jupiter Water 
Utilities or water treatment plant (WTP). The Town of Jupiter is located on Florida’s east 
coast in north Palm Beach County. Jupiter’s water system has existed since 1963 and has 
expanded from a small investor owned utility to the present municipal utility of today. 
The utility began as a small LS treatment system with a capacity of approximately 1.0 
million gallons per day (MGD).  
In 1978, the Town purchased the water system where capacity had expanded to 
5.0 MGD. During the 70’s and 80’s improvements were made to the utility and water 
produced from LS was increased to 13.5 MGD. In 1990, the Town began using 
membrane technology and constructed a 6.0 MGD RO membrane WTP to augment the 
existing LS process. The RO process was improved and expanded during the 90’s and 
2000’s to increase production to 13.7 MGD. In 1999 1.8 MGD of additional capacity was 
added to the system using anion exchange technology. Finally, in 2010, a 14.5 MGD NF 
membrane treatment process was constructed to replace the older LS technology. Today, 
the Town WTP is capable of producing approximately 30 million gallons per day (MGD) 
of drinking water and serves a population of approximately 80,000. The service area 
spans 58 square miles and includes the Town limits as well as areas in Juno Beach and 
unincorporated Palm Beach and Martin Counties (Town, 2012). 
Currently, the Town’s drinking water system blends three treatment methods: NF, 




replaced the previous LS process. The Town utilizes two different source waters to 
supply its treatment processes: fresh and brackish groundwater (GW). The purpose of this 
section is to give a description of the source waters that supply the Town’s water 
treatment processes, existing system and facility layout. 
Water Supply 
The Town utilizes both the fresh surficial and brackish Floridan aquifers to supply 
its water treatment facilities. Raw water from the surficial aquifer is used to supply the 
NF and IX processes as well as the former LS process, while the brackish raw water 
supplies the RO membrane process. The South Florida Water Management District 
oversees the permitting and usage of these supplies. In general, the Town operates its 
utility to depend more heavily on the brackish water source to meet water demands as the 
fresh water source is drought prone and has greater restrictions placed on its usage. This 
operating approach aids in reducing the impacts on the surficial aquifer during dry 
periods. During wet seasons or periods of high rainfall, the Town increases usage of the 
fresh water supply due to lower associated treatment costs relative to treatment of the 
brackish supply. Figure 3.1 provides a simplified schematic of the Town’s dual aquifer 






Figure 3.1 Jupiter’s dual aquifer supply sources (Courtesy of the Town of Jupiter 
Water Utilities) 
Fresh Surficial Aquifer 
Fresh water from the surficial aquifer is pumped from shallow wells 
approximately 150 feet below ground. Raw water from this source is characterized as 
being high in hardness, color and turbidity with appreciable levels of total organic carbon 
(TOC) and iron. In addition, typical to most Florida groundwater sources, the source 
water also contains dissolved gases including hydrogen sulfide and carbon dioxide. Table 





Table 3.1 Raw water quality for the fresh surficial aquifer 
Parameter Value 
pH, units 7.3 
Alkalinity, mg/L as CaCO3 295 
Conductivity, µS/cm @ 25°C 790 
Total dissolved solids, mg/L 505 
Calcium, mg/L as CaCO3 307 
Hardness, mg/L as CaCO3 324 
Temperature, °C 23.3 
Chloride, mg/L 76 
 
The Town’s surficial aquifer well field currently includes 51 production wells that 
have a combined raw water producing capacity of approximately 18,000 gallons per 
minute (gpm) or 26.2 MGD.  Well field locations are spread throughout the Town city 
limits and include a raw water main system that collects water to convey to the Town 
WTP. Wells vary in age from 1 to 38 years where older wells are located at or near the 
WTP. Individual wells produce between 200 and 800 gpm with the older wells producing 
water on the lower end and newer wells producing more. Water quality tests are 
performed on a monthly basis to monitor raw water from the surficial aquifer source. In 
addition, each well undergoes comprehensive performance testing twice per year to 
evaluate production efficiency and produced water quality. This information is used to 
evaluate when well rehabilitation is needed and the type required to restore lost capacity 




Brackish Floridan Aquifer 
The Town has access to the Floridan aquifer, which supplies brackish 
groundwater for the RO membrane process. These wells are deeper relative the surficial 
aquifer with depths ranging from 1,017 to 1,825 feet. This raw water contains high levels 
of total dissolved solids (TDS) and dissolved gases including hydrogen sulfide and 
carbon dioxide. Table 3.2 summarizes some of the average raw water quality parameters 
for the Floridan aquifer. 
Table 3.2 Raw water quality for the brackish Floridan aquifer 
Parameter Value 
pH, units 7.4 
Alkalinity, mg/L as CaCO3 151 
Conductivity, µS/cm @ 25°C 9633 
Total dissolved solids, mg/L 4980 
Calcium, mg/L as CaCO3 315 
Hardness, mg/L as CaCO3 1230 
Temperature, °C 22.2 
Chloride, mg/L 2475 
 
The Floridan aquifer well field includes 11 in service production wells. The 
combined raw water capacity is approximately 16,300 gpm or 23.5 MGD. Well locations 
are spread throughout the Town limits and include a raw water main system that collects 




wells produce between 500 and 2,00 gpm. Due to the corrosive nature of the brackish raw 
water, wells construction requires fiberglass reinforced polyester (FRP) or poly vinyl 
chloride (PVC) casings (Town, 2012). 
Water quality tests are performed on a monthly basis to monitor raw water from 
the surficial aquifer source. Specifically, raw water chloride and TDS concentrations as 
well as specific conductance are monitored as usage of individual wells depends on these 
parameter’s concentrations. Lower chloride, TDS and specific conductance allow the RO 
plant to operate at lower feed pressures reducing operating costs. Typically, as a Floridan 
aquifer well is pumped, the produced water increases slightly in TDS over time. 
Furthermore, when a well is pumped at a high rate for an extended time, TDS can 
increase drastically. Therefore, wells are utilized equally and services rotated, according 
to well age and capacity, so that no individual well is over stressed, prolonging useful life 
(Town, 2012). 
Existing Treatment Processes 
The Town relies on a blended water supply consisting of RO, NF and IX treated 
water to meet system water demands. The brackish Floridan aquifer supplies the RO 
process while the NF and IX technologies rely on the fresh surficial aquifer for their 
source water. Each process has been permitted by the Florida Department of 
Environmental Protection (FDEP). The treatment capacity of each process is shown in 
Table 3.3. Other unit operations or processes included in the Town’s WTP are sodium 
hydroxide or caustic addition for pH adjustment and corrosion control and packed tower 




disinfectant satisfying 4.0-log inactivation requirements. Subsequently, ammonia is 
added to react with free chlorine forming chloramines, which represents the utility’s 
secondary disinfectant providing for a residual concentration within the distribution 
system.  
Table 3.3 Capacity of RO, IX and NF treatment processes (adapted from the Town, 
2012) 
Process Capacity (MGD) 
Reverse Osmosis 13.7 




Several unique factors have contributed to the Town’s reliance on a blended water 
supply that utilizes various treatment technologies. Similar to most municipal drinking 
water suppliers, the Town desires to produce high quality drinking water that is in 
compliance with local, state and federal regulations. Primary reliance on membrane 
technologies provides increased assurance that produced water will remain in compliance 
with current and future regulatory requirements. In addition, Jupiter, a south Florida 
coastal community, is in a region with limited fresh water supplies and often experiences 
drought conditions during the dry season. This has required that the utility rely on the 
brackish water supply to augment the variable fresh water surficial aquifer, which further 
dictates the usage of membrane technology for treatment. The scarcity of fresh water 
sources also impacts the surrounding environment. The Loxahatchee River runs right 




freshwater supplies are depleted or impaired. Over-usage of the shallow, freshwater 
aquifer can result in salt water intrusion from the Atlantic Ocean. In response to these 
constraints, the Town has developed a municipal drinking water system that balances the 
needs of high quality water with environmental sensitivity through usage of a blended 
water supply and membrane technologies (Town, 2012). 
Nanofiltration and Anion Exchange 
The freshwater surficial aquifer feeds the current NF and IX systems as well as 
the former LS process. The primary drivers for treatment of this supply are reduction 
and/or removal of TOC, color and turbidity as well as reduction in hardness 
concentrations. Reduction and removal of TOC is important as this constituent can react 
with free chlorine to produce regulated DBPs. Reduction and removal of color and 
turbidity increase the aesthetic quality of the water and can reduce disinfection 
requirements. Hardness reduction is an unregulated constituent; however, its removal 
decreases the scaling potential of the water, which is beneficial for operation and 
maintenance of pumps, pipes or other associated treatment plant or distribution system 
equipment. 
Anion Exchange  
The IX process uses anion exchange resins to reduce color and TOC while 
maintaining hardness and alkalinity concentrations. Naturally occurring organic matter or 
NOM consist primarily of humate or fulvate anions (AWWA, 2011b).These substances 




natural water systems. NOM or TOC have a net-negative surface charge, which permits 
the application of the ion exchange technology for their removal. Application of the anion 
exchange technology for water treatment is less common in comparison to cation 
exchange, nonetheless, it still represents a viable process for organic carbon and DBP 
control in drinking water supplies (AWWA, 2011b). The produced water is blended with 
the RO permeate to produce an intermediate blend that is improved with respect to 
chemical stability. Water produced from the IX process contributes a fraction to the total 
capacity of the Town’s WTP representing approximately 6% of the total blended supply. 
Nanofiltration  
The NF membrane process provides increased removal of turbidity, color, iron 
and TOC producing a higher quality product water than that of the retired LS process. 
The superior removal capabilities of the NF technology provided justification for the 
investment in facility modifications. NF membranes are pressure-driven processes that 
remove dissolved materials from water, and represent a sub-class of RO (AWWA, 
2011b). The chemical and physical properties of the membrane, combined with pressure, 
remove unwanted substances from the GW. The ion exclusion capabilities of NF are 
inferior compared with RO, but require lower feedwater pressures to produce water. For 
this reason, the application of NF is typically limited to freshwater supplies for control of 
DBP precursor material, color and/or hardness (AWWA, 2011b). Still, the NF membrane 
provides a physical barrier against viruses, bacteria and other harmful contaminants 




The rated capacity of the NF process is 14.5 MGD, representing approximately 
48% of the utility’s total capacity. The NF facility is a two-staged system that operates at 
an 85% recovery. This process has been designed with a center-port feed system that 
reduces required feed water pressures saving the utility significantly on operational costs 
relative to other comparable NF membrane systems. The NF permeate is treated further 
with packed tower aeration to remove hydrogen sulfide and carbon dioxide gases. The 
NF WTP is located downstream of the existing RO and IX processes. These existing 
waters are transported to the NF process for final blending and stabilization prior to 
storage and distribution. 
Reverse Osmosis 
The brackish water from the Floridian Aquifer contains high levels of total 
dissolved solids (TDS) and dissolved gases. This water feeds the RO membrane process. 
This process utilizes high pressure to force the brackish water through the membranes. 
The membrane rejects dissolved salts and impurities, but allows passage of water through 
a diffusion controlled process. The RO process produces a high quality permeate that 
lacks mineral content, alkalinity and buffering capacity, thus requiring stabilization. This 
is achieved by blending the RO water with the IX and NF produced waters to achieve 
stabilization prior to storage and distribution. 
The rated capacity of the RO plant is 13.7 MGD, which represents approximately 
46% of the facility’s total capacity. The process is a two-staged system that operates at a 
75% recovery. Produced water is also treated to remove dissolved hydrogen sulfide and 




blended intermediately with the existing IX process water prior to transport and final 
blending downstream with the NF process. The depleted mineral content and aggressive 
nature of the produced permeate requires intermediate blending with the IX water along 
with caustic addition to reduce significant corrosion and deterioration of existing 
treatment plant components. This represents one of the challenges faced by the Town 
WTP and a portion of research was dedicated to alleviating this issue. 
Facility Layout 
Prior to integration of the NF process into the existing system, water produced 
from the LS, RO and IX processes were blended into a common clearwell where 
remaining post treatment and disinfection occurred prior to storage and distribution. After 
the LS process was retired and replaced with the NF facility, the RO and IX produced 
waters were intermediately blended in this existing clearwell prior to downstream 
transport and final blending with the NF treated water. A schematic of this system is 
illustrated in Figure 1. Figure 1 indicates the presence of the retired LS process, however 
shows it with yellow strikethroughs to illustrate its demolition. This further demonstrates 
the operational changes that occurred with the replacement of the LS system with NF 
membranes through creation of the intermediate RO-IX blend. Overall, replacement of 
the LS system with the NF membrane process altered the finished water quality, included 
pH, alkalinity and hardness concentrations. Both in-plant and distribution system 











CHAPTER 4: EXPERIMENTAL PLAN, MATERIALS AND 
METHODS 
A corrosion monitoring study was developed by UCF to identify and assess the 
secondary impacts related to corrosion as a result of implementation of the NF process 
into the Town’s existing system. A test apparatus was constructed and operated at the 
Town’s facilities to monitor corrosion activity of iron, copper and lead metal 
components. In addition, the test apparatus was used demonstrate the relative impact of 
select blending ratios and assess the performance of possible treatment strategies based 
on corrosion rates of metallic components. The test apparatus consisted of PVC pipe 
connected in a series of loops that housed electrochemical probes fitted with metal 
electrodes and plugs fitted with metals coupons; this apparatus is also referred to as 
corrosion loops. The purpose of this chapter is to provide an overview of the 
experimental plan, materials and methods used to conduct this study. 
Experimental Plan 
A testing plan and protocol was designed to evaluate the corrosion-related issues 
associated with replacing the LS process with NF membrane technology. Although this 
treatment change provided enhanced water to the surrounding community in terms of 
better contaminant removal and reduced DBP formation potential, integration of the NF 
process altered finished water quality parameters including pH, alkalinity and hardness. 
These changes could create secondary impacts related to accelerated corrosion of 
distribution system components and subsequent regulatory compliance. In addition, 




unstable intermediate blend composed of RO and IX waters. There were concerns that 
this intermediate blend was affecting the integrity of in-plant hydraulic conveyance 
components. Thus, transition from LS to NF resulted secondary impacts related to 
corrosion for both in-plant and distribution systems. As such, a corrosion study was 
developed in three phases to address in-plant and distribution system corrosion 
evaluations separately. 
Study Phases 
Phase I of the corrosion study, the baseline conditions assessment, looked at the 
relative corrosion rates of the RO-IX blended water (intermediate blend) and the RO-IX-
NF finished water (final blend) as produced by the plant. Phase II of the corrosion study, 
the in-plant corrosion control evaluation, assessed the performance of a corrosion 
inhibitor for controlling in-plant corrosion issues. The purpose of this test phase was to 
select a treatment technique that would minimize corrosion of in-plant piping, pumps and 
associated appurtenances. Phase III of the study shifted focus to evaluate distribution 
system corrosion control. Historical results obtained from LCR compliance monitoring 
were reviewed to determine the effects of treatment changes on corrosion of lead and 
copper. This test phase also evaluated the effectiveness of a corrosion inhibitor for 
distribution system corrosion control. Testing began in the fall of 2010 and continued into 
2012. Individual chapters have been dedicated to the detailed discussion of each test 




Corrosion Monitoring Loops 
The corrosion loops were constructed so that instantaneous corrosion rate 
measurements, through use of electrodes, could be obtained at the same time as corrosion 
rate assessment through the use of coupons. Thus, a section of pipe loops were fitted with 
electrodes and another section of pipe loops were fitted with coupons. The entire 
arrangement was referred to as a corrosion rack. This setup was also mirrored by an 
additional corrosion rack so that a control and test condition could be evaluated 
simultaneously. Figures 4.1 shows the constructed corrosion rack.  
 




Selected blends of water flowed through the corrosion loops and its corrosivity 
evaluated through electrochemical activity and metal weight loss of the materials caused 
by the water. The probes containing the metal electrodes were used to monitor 
electrochemical activity through instantaneous electrochemical monitoring equipment 
using the linear polarization resistance (LPR) method. Corrosion activity was also 
evaluated using a traditional method of monitoring the weight loss of metal coupons.  
Each corrosion rack houses three electrochemical probes and coupon holders to 
mount the respective mild steel, lead/tin solder and copper metal components. Mild steel 
was selected to evaluate iron corrosion, while the lead solder and copper metals were 
selected to evaluate potential issues with regulatory compliance. In addition, the 
corrosion racks were fitted with various valves, chemical injection ports and 
appurtenances for flow control, rack maintenance, chemical addition and water sampling. 
Water Quality Monitoring 
The use of electrochemical probes to for corrosion rate analysis allows for the 
collection of instantaneous, real-time measurements. Therefore, corrosion was monitored 
daily with the use of a handheld data logger that obtained corrosion rate measurements 
using the LPR technique. Corrosion rate measurements are given in units of mils per year 
(mpy), which indicates the thickness of metal that is being lost over time. Daily 
measurements were taken to observe the trend of corrosion over time for each metal 
component. A copy of the data log sheet used to collect corrosion rate measurements has 
been included in Appendix A, Figure A.1. In addition, the instantaneous measurements 




the weight loss of the metal coupons. Weight loss of each metal coupon was taken at the 
conclusion of each test phase. 
In addition to corrosion rate measurements, water quality parameters were tested 
for on a daily and weekly basis. The following lists the analyzed water quality 
parameters: 
 Temperature  Turbidity 
 pH  P-, M-, and Total Alkalinity 
 Conductivity  Chlorides 
 Dissolved oxygen  Calcium and total hardness 
 
The frequency of monitoring varied in each test phase. A copy of the data log 
sheet used to collect water quality data has been included in Appendix A, Figure A.2.  
For those test phases that evaluated the performance of phosphate-based corrosion 
inhibitors, water quality analyses also included orthophosphate. These parameters were 
monitored for each blend in order to assess the impact of subtle or significant water 
quality changes on the corrosion rate of the metals. 
Materials and Methods 
Material Selection 
Materials of construction and types of metal to evaluate were selected based on 
typical materials used in hydraulic conveyance systems for potable water and those 
materials used in construction of homes and offices. The following lists the materials 




 Metal electrodes 
 Metal coupons 
 Linear polarization resistance probes 
 Coupon holders 
 Portable corrosion meter capable of taking LPR measurements 
 
Metal Samples Corrosion Monitoring Systems (Metal Samples) was selected as 
the manufacturer to supply the necessary equipment for the corrosion study. Metal 
Samples is a division of Alabama Specialty Products, Inc (ASPI), and is a precision 
machine shop that specializes in the manufacturing of products for corrosion monitoring 
and materials testing. This company has been used in the past for similar corrosion 
studies and has a reputation of providing quality products and service. In addition, they 
have an extensive selection and complete line of corrosion monitoring equipment. 
Metal Electrodes and Coupons 
Criteria for selecting the types of metal materials were based on typical metal 
materials used in the construction of water pipes and household plumbing appurtenances 
and fixtures. Three types of metal were chosen for evaluation include mild steel, copper, 
and lead. 
Mild steel was selected for analysis because it provides a good baseline of 
corrosion activity. In addition, plumbing fixtures with in people’s homes may contain 
mild steel components and evaluation of the extent of corrosion of this particular metal 




selected for analysis because many homes, especially older homes contain copper pipes 
and plumbing fixtures manufactured with copper components. Copper release in water 
systems is important to consider because it affects the utility’s ability to comply with the 
SDWA LCR. Lead was selected for analysis because it is not uncommon for plumbing 
systems in older homes to contain leaded solders. Like the considerations made for the 
copper selection, lead release in water systems as a result of corrosion of pipes and 
fixtures containing leaded solders can affect the utility’s ability to comply with the 
SDWA LCR. 
Metal Samples has many metal alloys available for the construction of electrodes 
and coupons. Metals are identified and organized according to the Unified Numbering 
System for Metals and Alloys or their UNS number. This is a systematic scheme in which 
each metal is designated by a letter followed by five numbers. Table 4.1 shows the 
specific metal alloy selected for the three types of metals chosen for corrosion analysis 
organized according to their UNS number and Metal Samples’ material number and 
name. Metal coupons and electrodes were constructed from each component. Schematics 
of each have been included in Appendix A, Figures A.3 and A.4. 
Table 4.1. Specific metal alloys 
Metal Type UNS Number Metal Samples Material Number and Name 
Mild Steel G10100 C1010 Mild Steel 
Copper 
C23000 CDA 230 Red Brass 
C26000 CDA 260 Cartridge Brass 





The C1010 Mild Steel was selected because it is a lower carbon mild steel, and 
Metal Samples reported that this particular material is commonly used in other corrosion 
studies. This material gives good results with respect to establishing a good baseline for 
corrosion activity. In addition, the cost of coupons and electrodes constructed from this 
mild steel alloy is relatively inexpensive and was in stock at the time the order was 
requested. The C1010 Mild Steel was used for manufacturing of both the coupons and 
electrodes.  
Two different copper alloys were selected for the analysis of corrosion of copper. 
Several alloys of copper exist; however, only certain types are used for household 
plumbing pipe, appurtenances and fixtures. Information on the types of copper used for 
these purposes were obtained from the Copper Development Association. Research 
showed that CDA 230 and 260 Red Brass and Cartridge Brass, respectively, are 
commonly used in plumbing pipes and accessories. The copper alloys vary slightly in the 
composition, as Red Brass contains approximately 85% copper and 15% zinc, while 
Cartridge Brass contains 70% copper and 30% since. In addition, they were both in stock 
and available for manufacturing at the time the order was requested from Metal Samples. 
CDA 260 Cartridge Brass was selected for manufacturing of the metal coupons and CDA 
230 Red Brass was selected for manufacturing of the electrodes. The primary reason for 
selecting differing copper alloys was due to an extensive price difference to construct the 
metal coupon out of Red Brass in comparison to the Cartridge Brass. 
A 50 Sn/50 Pb solder was selected for manufacturing of the lead coupons and 
electrodes. Leaded solders found in older homes typically contain a fraction of Tin. The 




coupons and electrodes from this metal alloy. This metal was the most expensive of the 
metal alloys for manufacturing the coupons and electrodes, and was as a result of lead 
being considered a hazardous material and a higher risk is associated with this metal 
during handling, manufacturing and shipping.  
The corrosion study will monitor corrosion of an existing condition and compare 
this to a test condition. There will be an associated electrode corrosion rack and coupon 
corrosion rack for each condition, giving two electrode racks and two coupons racks each 
equipped with three probes and coupon holders. The test plan specified that the corrosion 
study is to be evaluated in three phases, where at the start of each phase, metal electrodes 
and metal coupons be replaced, thus the quantity of these materials ordered reflects these 
requirements. In addition, the LPR probes contain a 2-electrode end-cap, thus each probe 
requires two electrodes doubling the necessary quantity of electrodes. 
Linear Polarization Resistance Probes 
LPR corrosion probes are commonly used in the water treating industry and other 
environments where instantaneous, on-line corrosion rate readings are required. LPR 
probes are used in conductive environments such as water or any electrolyte. The 
operating principle is based on measuring the flow of current between electrodes. Two 
basic types of linear polarization probes are available, pipe plug or integral type. The pipe 
plug probe was selected because it is mounted to a threaded end cap that can be removed 
from the system whereas the integral type is permanently installed. A schematic of this 
assembly has been included in Appendix A, Figure A.5. Specifically, the fixed length, 2-




use. An adjustable length probe is also available, however is significantly more expensive 
and the adjustable length feature is not necessary for the purposes of this study. A total of 
six probes were necessary for the study, three probes for the existing condition corrosion 
rack and three probes for the test condition corrosion rack. Each probe is dedicated to one 
of the three metals selected for evaluation. 
Coupon Holders 
Metal Samples carries a variety of standard coupon holder assemblies for flat and 
round specimens including pipe plugs, adjustable holders, retractable holders and 
retrievable holders. The pipe plug assembly to house flat specimens was selected because 
of price, availability and ease of use. A total of six holders were necessary for the study, 
three holders for the existing condition corrosion rack and three holders for the test 
condition corrosion rack. Each probe is dedicated to one of the three metals selected for 
evaluation. 
Portable Corrosion Meter 
Metal Samples offers a complete line of corrosion monitoring instruments. Linear 
polarization probes will be used to evaluate instantaneous corrosion rates of the metals 
selected, thus, corrosion monitoring equipment was selected that is compatible for the 
LPR technique. The MS1500L Handheld LPR Corrosion Data Logger was selected for 
the instrumentation. This instrument is a hand-held, battery-powered, intrinsically safe 
corrosion meter capable of measuring and storing data from all types of 2- or 3-electrode 
LPR corrosion probes. This corrosion meter was selected because of its portable nature, 




can be uploaded to a compatible computer. In addition to LPR corrosion rate 
measurements, the device is capable of measuring “Pitting Index,” zero resistance 
ammetry, and electrode potential. 
Experimental Methods 
Many of the activities performed by UCF relied upon historical existing 
information as well as the collection of new information, such as the sampling of water 
quality, pipe materials or other similar actions. UCF reviewed existing Town-supplied 
information, such as water quality data, facility operations and blending, reports and 
other pertinent information, in the implementation of this project. The methods and 
equipment used for data collection, laboratory and field water quality analysis are 
summarized in Table 4.2. The primary source for analyte methods was the Standard 
Methods for the Examination of Water and Wastewater (Eaton et al, 2005). If applicable, 











Table 4.2 Table of methods and equipment 
Test 
Method Reference Number  





 B. Electrometric Method;   0.0010 units 




2510B. Laboratory Method; Fisher Scientific 




2130 B. Nephelometric Method; Hach 
Turbidimeter 2100N 
0.012 NTU 
Oxygen YSI Model 58 Dissolved Oxygen Probe 0.01 mg/L 
Free Chlorine 4500-Cl Chlorine (residual) or Hach method 0.02 mg/L 
Total Chlorine 4500-Cl Chlorine (residual) or Hach method 0.02 mg/L 









SM 3500-Ca B. Calcium EDTA Titrimetric 
Method 
0.300 mg/L as 
CaCO3 
Total Hardness SM 2340 C. Hardness EDTA Titrimetric Method 










CHAPTER 5: BASELINE CONDITIONS ASSESSMENT 
After process modifications and integration of the NF process, the Town altered 
the way that the three produced waters, RO, IX and NF, were blended. The RO and IX 
waters were blended in an existing clearwell creating an intermediate blend. The 
intermediate blend was transported downstream for final blending and stabilization with 
the NF water prior to storage and distribution. There were concerns with the corrosive 
potential of this intermediate blend and its effects on in-plant hydraulic conveyance 
components. As such, the objectives of the first phase of research was to determine the 
relative corrosion rates of the intermediate and final blends of water towards mild steel, 
copper and lead components. The design and implementation of the subsequent tests 
phases was based on this initial assessment. The purpose of this chapter is to present the 
results and offer discussion of the first phase of study where baseline corrosion rates of 
the two blends of water were monitored.  
Overview 
This portion of the study looked at the relative corrosion rates of the RO-IX 
blended water (intermediate blend) and the RO-IX-NF finished water (final blend) as 
produced by the plant. This study was accomplished using a corrosion rack constructed 
from looped, 1-inch PVC piping, that was fitted with necessary flow meters, flow control 
valves and sampling ports. The corrosion rack was comprised of two separate but 
identical racks so that each side could be fed its own source water. For this phase of 





Each side of the corrosion rack was fitted with mild steel, lead and copper 
electrodes and coupons. The electrodes were used to obtain an instantaneous corrosion 
rate utilizing a corrosion meter that measured corrosion rates through the LPR method. 
The instantaneous corrosion rates were monitored and recorded on a daily basis. The 
coupons were used to obtain a corrosion rate through a gravimetric method. For this 
method, coupons are weighed before and after exposure to the source waters and the 
weight differences were calculated. The corrosion rate can be calculated using the weight 
loss and exposure time. Corrosion rates are typically expressed in terms of mils per year 
(mpy), which corresponds to a unit of length or thickness of metal lost per unit time.  
In addition to daily corrosion rate measurements, analysis of each blend’s water 
quality was taken. The following lists the analyzed water quality parameters: 
 Temperature  Turbidity 
 pH  P-, M-, and Total Alkalinity 
 Conductivity  Chlorides 
 Dissolved oxygen  Calcium and total hardness 
 
These parameters were monitored for each blend in order to assess the impact of 
subtle or significant water quality changes on the corrosion rate of the metals. 
Water flow to the corrosion rack was controlled with an on/off timer in order to 
approximate variations in water demand typically experienced in the distribution system 
and homes. Thus, the corrosion rack was exposed to both flowing and stagnate water. 




minute (gpm). Corrosion rates were measured for the flowing and stagnant waters in 
order to evaluate any differences that may have occurred. 
Water Quality 
Water quality monitoring for this phase of study was initially collected on a daily 
basis. It was then decided that bi-weekly water quality monitoring would be sufficient to 
collect enough data for the duration of the study. The average water quality for the listed 
parameters is shown in Table 5.1 for each test blend. A complete tabulation of water 
quality has been included in Appendix B.  
Table 5.1 Phase I average water quality for each test blend 
Parameter Intermediate Blend Final Blend 
pH 8.86 8.45 
Conductivity 0.48 0.47 
Dissolved Oxygen 3.7 3.8 
Turbidity (NTU) 0.11 0.17 
P-Alkalinity (mg/L as CaCO3) 10.5 5.4 
M-Alkalinity (mg/L as CaCO3) 54.8 74.8 
Total Alkalinity (mg/L as CaCO3) 65.2 80.2 
Chloride (mg/L) 104 94.1 
Calcium Hardness (mg/L as CaCO3) 44.1 69.7 
Total Hardness (mg/L as CaCO3) 46.7 72.9 
 
Based on the water quality in Table 5.1, it can be inferred that stability of the final 
blend water is greater than that of the test blend by examining the total alkalinity and 




the final blend than the test blend. Previous research has shown that sufficient alkalinity 
and hardness in the finished water contribute most the relative water stability, thus 
reducing the potential for corrosion (Duranceau et al, 2011; AWWA, 2007; Lahav and 
Birnhack, 2007). 
Although it has been suggested that the final blend is less corrosive relative to the 
intermediate blend based on alkalinity and hardness, Table 5.1 indicates that the average 
pH of the intermediate blend is greater than that in the final blend. The reason for the 
elevated pH is due to sodium hydroxide or caustic addition. Caustic is added to the 
intermediate blend to help reduce the corrosivity of this water by elevating the pH. This is 
also reflected in that the average phenolphthalein alkalinity (P-alkalinity) of the 
intermediate blend is greater than that of the final blend. P-alkalinity is often referred to 
as hydroxide alkalinity and represents a portion of the total alkalinity that exists above a 
pH of 8.3. Hydroxide alkalinity provides a measure of benefit to the stability of water, 
however, from a corrosion control standpoint, bicarbonate alkalinity is most beneficial in 
terms of increasing water’s buffering capacity (Duranceau et al, 2011). 
Corrosion Monitoring 
Initial Analysis 
Corrosion rates were monitored on a daily basis using the hand held corrosion 
meter and electrochemical probes. In addition, corrosion was measured for the flowing 
and stagnant waters in order to evaluate any differences that may have occurred. Table 
5.2 summarizes the average corrosion rate of each metal for both source waters during 




this study phase can be found in Appendix B. The following summarizes some of the 
observations based on this initial analysis to compare average corrosion rates shown in 
Table 5.2: 
 Mild steel corrosion rates are consistently higher in flowing water for both blends, 
however, the difference between the corrosion rates are less than 15% 
 Lead corrosion rates are consistently higher in stagnant water for both blends, 
where the percent difference ranges from 25% to as high as 46% 
 Copper corrosion rates are consistently higher in flowing water for both blends, 
where the percent difference ranges from 36% to as high as 72% 
 The intermediate blend is significantly more corrosive towards mild steel when 
compared to the final blend. This blend produces a corrosion rate that is 
approximately 75% greater than the finished water blend 
 The intermediate blend is more corrosive towards lead 
 The final blend is more corrosive towards copper for the flow on condition when 
compared with the intermediate blend. 
 For both blends, the same pattern is observed with respect to the relative ranking 
of corrosion rates: mild steel > copper > lead 
Table 5.2 Summary of Phase I Corrosion Rates 
Flow Regime 
Average Corrosion Rate (mpy) 
Intermediate Blend Final Blend 
Mild Steel Lead Copper Mild Steel Lead Copper 
On 11.4 0.23 1.2 2.8 0.17 2.4 
Off 11.2 0.29 0.77 2.4 0.25 0.67 





The electrochemical approach to corrosion monitoring allows for collection of 
daily, instantaneous corrosion rate measurements. Several data points can be collected 
during a test phase to produce a graph of corrosion rates as a function of time. The 
following figures illustrate the variations in corrosion rates throughout the duration of this 
phase of study. For simplicity, only the corrosion rate measurements taken during the 
flowing water condition are shown and were primarily used for analysis. 
Figures 5.1 and 5.2 illustrate the relative difference among corrosion rates for the 
three metals tested. The same plot is shown for each blend tested and the same range was 
set for the horizontal axis (corrosion rate) of each figure to illustrate the relative 
difference among the corrosion rates. 
 
 






















































































































Figure 5.2 Average corrosion rate measurements of each metal component for the 
final blend 
 
The mild steel corrosion rates for the intermediate and final blends are shown 
together in Figure 5.3. The figure shows both plots to further illustrate the higher 
corrosion rate observed for the mild steel exposed to the intermediate blend relative to the 
final blend. 
The shape of the curves shown in Figure 5.3 is characteristic of what is typically 
observed for a corrosion rate curve. When the virgin metal is initially exposed to the 
source water, high corrosion rates are observed as the outer layer of the metal surface is 
corroded. In addition, corrosion rate measurements can also vary significantly within the 
first few weeks of exposure as the metal equilibrates with the surrounding environment. 









































































































protective layer for the metal underneath. This occurrence is often termed passivation. At 
this point, the observed corrosion rate decreases to a relatively consistent value which 
typically indicates that passivation is occurring (Uhliq and Revie, 1985).  
 
 
Figure 5.3 Mild steel corrosion rate curves for the intermediate and final blends 
  
The maximum mild steel corrosion rates observed for the RO-IX and RO-IX-NF 
blends were 27.3 mpy and 8.8 mpy, respectively. The average corrosion rate during the 
passivation period for the RO-IX and RO-IX-NF blends were 11.5 mpy and 1.39 mpy. 
Table 5.3 summarizes this information. Based on the collected data, it appears that the 
intermediate blend is significantly more corrosive towards mild steel relative to the final 
blend. This observation coincides with the water quality results where it was observed 















































































































Mild Steel  
Intermediate Blend Final Blend Intermediate Average Final Average
Data gap due to necessary repairs made to 
the corrosion meter 




test blend. Sufficient alkalinity and hardness in water can contribute to a stabilized 
finished water, hence being less corrosive to hydraulic components. This demonstrates 
the need for a stabilized intermediate water blend as it relates to the water treatment plant 
infrastructure. 
Table 5.3 Mild steel corrosion rate summary 
 
Mild Steel Corrosion Rate (mpy) 
Percent Difference (%) 
Intermediate Blend Final Blend 
Maximum 27.3 8.8 67.8 
Passivation Average 11.5 1.4 87.8 
Average 11.4 2.8 75.4 
 
Figure 5.4 depicts the lead corrosion rate for the intermediate and final blends. As 
shown in this figure, the corrosion rates among the different source waters are not 
significantly different. In addition, the shape of the corrosion curve does not correspond 
to the typical curve shape previously discussed, thus a passivation region is not observed. 
The range of corrosion measurements only varies from 0 to 0.77 mpy, which indicates 
that the lead corrosion rates are not high enough to form a protective corroded metal layer 
for either source water. However, the lead metal does not appear to be as sensitive to 
corrosion, thus a passivating layer may not be necessary for the lead exposed to these 
blended waters. 
Figure 5.5 represents the copper corrosion rate for the intermediate and final 
blends. From the figure, it can be observed that the corrosion rates for both blends are 
sporadic similar to what was observed for the lead corrosion rate curves. Therefore, the 




corrosion. However, unlike lead, the range of corrosion measurements is wider and varies 
from 0 to 7.2 mpy. 
 
Figure 5.4 Lead corrosion rate curves for the intermediate and final blends 
 
Still, interesting observations arise from the data obtained for the copper corrosion 
rates. The copper corrosion rate resulting from the final blend is higher, on average, then 
the corrosion rate for the intermediate blend. For the previous metals, the intermediate 
blend appeared to be the more corrosive water as it produced higher mild steel and lead 
corrosion rates. In addition, Figure 5.5 indicates that the corrosion rate of the copper 
metal exposed to the final blend increased significantly, indicated by the red dashed line. 
According to water quality data obtained for the final blend, the calcium hardness 
concentration increased from 48 to 97 mg/L as CaCO3 and the total alkalinity 
























































































































Figure 5.5 Copper corrosion rate curves for the intermediate and final blends 
 
Figure 5.6 depicts the trend in calcium hardness and total alkalinity along with the 
copper corrosion rate for the final blend. Figure 5.6 illustrates that the copper corrosion 
rate increases as the hardness and alkalinity concentrations. As these parameters stabilize 
the copper corrosion rate also stabilizes. Thus, based on the collected data, it appears that 
copper corrosion is sensitive to changes in hardness and alkalinity concentrations. This 























































































































Figure 5.6 Calcium hardness concentration and corrosion rate of the final blend  
 
Phase I Summary 
Based on the data obtained from Phase I experimentation, it appears that the 
intermediate blend is significantly more corrosive towards mild steel when compared 
with the final blend. The average mild steel corrosion rate for the intermediate and final 
blends for the flowing water condition are 11.4 mpy and 2.80 mpy, respectively. The 
final blend produced a mild steel corrosion rate that was 75% less than intermediate 
blend. 
Phase I data also indicated that the corrosion of lead is greater when exposed to 
the intermediate blend than the final blend. However, the average lead corrosion rate for 


























































































































































relatively much less than the corrosion rates observed for the other metal components. 
Therefore, the extent of lead corrosion is relatively low in the blended waters studied. 
Unlike mild steel and lead, average copper corrosion rates were greater in the 
final blend relative to the intermediate blend. The final blend produced an average copper 
corrosion rate of 2.36 mpy compared with 1.20 mpy observed for the intermediate blend. 
It is suspected that primary cause for elevated copper corrosion rates observed in the final 
blended water was primarily due to variations in hardness and alkalinity concentrations. 
Therefore, a stabilized finished water quality is necessary to alleviate issues related to 
copper corrosion. 
The results of the baseline assessment confirmed suspicions that the intermediate 
blend was relatively unstable and corrosive based on the elevated mild steel corrosion 
rates. These results motivated the utility to continue research and evaluate a corrosion 
control alternative for the intermediate blend. The next phase of study involved 
evaluating the effectiveness of a corrosion control chemical at reducing the elevated mild 








CHAPTER 6: IN-PLANT CORROSION CONTROL EVALUATION 
Although the presence of the IX process water provides some measure of stability 
to the aggressive RO permeate, still, corrosion issues exist for that portion of the WTP. 
Primarily, the integrity of the existing clearwell has been compromised through corrosion 
of the reinforced concrete structure. In addition, repair and replacement of the RO 
transfer pumps has occurred several times due to excessive corrosion of the metal parts. 
Alleviation of this issue was necessary. Results from the first phase of study confirmed 
the aggressive nature of the intermediate blend, particularly towards iron containing 
components. As such, the purpose of the second test phase was to evaluate a corrosion 
control inhibitor. 
Overview 
This phase of the corrosion study looked at the corrosivity of the intermediate 
blend in the presence of an orthophosphate corrosion inhibitor. The same corrosion rack 
was used for this phase of study, however, the metal electrodes and coupons from Phase I 
were removed and replaced with a new set of materials. The same three metals were 
analyzed in this phase, mild steel, lead and copper, and the corrosion rates were analyzed 
using the same methods, instantaneous and gravimetric corrosion rate measurements. 
Water quality parameters were also monitored for this phase of study. The analyzed 
parameters are the same as listed previously with the addition of orthophosphate because 
of the use of a phosphate based corrosion inhibitor. 
Both sides of the rack received the same source water, the intermediate blend. 




blend for a period of time necessary to form a sufficient corrosion layer without the 
presence of any corrosion inhibitor chemical. This side was referred to as the “corroded 
metal.” After the elapsed time period, the feed water was then dosed with the inhibitor to 
expose the already corroded metal to corrosion inhibitor. This test blend will be referred 
to as corroded metal blend.  
Assessing the benefit of a corrosion inhibitor with a corrosion rack is not typically 
done in this way, however this arrangement was chosen because rarely is a corrosion 
inhibitor chemical fed into a system where new, virgin metal components are in place. 
Often, the existing system contains metal components that have previously been exposed 
to the historical water for a period of time sufficient to build a corrosion layer on the 
inside of hydraulic conveyance components. Introduction of a corrosion inhibitor and 
thus a different water supply to the system may disrupt the existing equilibrium that was 
present before the changes in treatment occurred, resulting in unforeseen secondary 
impacts.  
The metal components on the other side of the corrosion rack were only exposed 
to the intermediate blend in the presence of the corrosion inhibitor. This side was referred 
to as the “virgin metal,” and the test blend will be referred to as virgin metal blend. A 
corrosion inhibitor is typically evaluated in this way to determine if its presence in the 
test water supply decreases the corrosion rate of the metal components; however, results 
may not be representative of what could occur in a full scale system. Nonetheless, this 
setup was chosen in order to compare the results with those obtained from the corroded 




any observable differences. The corrosion rates obtained in this study were also 
compared with those of the intermediate blend obtained in the first test phase. 
Water Quality 
Table 6.1 presents the results of the average water quality for the intermediate 
blend, which is comparable to the Phase I average water quality for the intermediate 
blend. A complete listing of water quality collected for Phase II of testing can be found in 
Appendix C. For this test phase, both corrosion racks received that same water, 
intermediate blend, and the only difference among the test conditions was the corroded 
metal versus the virgin metal. Thus, the water quality of both test racks was the same 
These measurements were taken bi-weekly to allow for sufficient data collection in order 
to observe any significant water quality changes and assess if observed any changes 
would affect the corrosion of the metal components. 




Dissolved Oxygen 3.9 
Turbidity (NTU) 0.25 
P-Alkalinity (mg/L as CaCO3) 13.0 
M-Alkalinity (mg/L as CaCO3) 51.3 
Total Alkalinity (mg/L as CaCO3) 64.3 
Chloride (mg/L) 94.4 
Calcium Hardness (mg/L as CaCO3) 43.2 





The chemical feed system to deliver the corrosion inhibitor to the intermediate 
blend was dosed upstream of the metal components to allow for sufficient mixing. The 
inhibitor chemical used is referred to as CARUS
TM
 4200, which is a potassium ortho-
phosphate manufactured by the Carus Corporation. The concentration of the corrosion 
inhibitor in the water was measured in terms of mg/L as phosphate (PO4
3-
). The chemical 
was initially dosed so that the outlet concentration was approximately 0.25 mg PO4
3-
/L. 
Then the chemical feed system was adjusted so that the outlet concentration was 
approximately 1.0 mg PO4
3-
/L.  
The feed concentrations of the corrosion inhibitor are less than what was 
recommended by the chemical manufacturer and are also less than what is typically 
practiced when using an inhibitor chemical for corrosion control. However, the dose of 
corrosion inhibitor was only intended to resolve the corrosivity of the intermediate blend 
primarily in the blending clearwell. It was not desired to carry a residual concentration to 
other portions of the plant where final blending with NF product water occurred. Nor was 
it desired to carry a residual inhibitor concentration into the distribution system.  
Table 6.2 presents the average outlet phosphate concentrations for the initial dose 
and elevated dose. Phosphate concentrations were monitored on a daily basis in order to 
observe that the chemical feed system was operating correctly. As seen in Table 6.2, the 
initial average lower dose of phosphate was approximately equal to target concentration 
of 0.25 mg/L as PO4
3-




less than the target concentration of 1.0 mg/L as PO4
3-
, as seen in Table 6.2. Reasons for 
this discrepancy are unknown; however the performance of the feed system is suspect. 
Table 6.2 Average outlet phosphate concentrations from the corrosion rack 
 Average Phosphate Concentration (mg/L as PO4
3-
) 
 Initial (low dose) Final (elevated dose) 
Corroded Metal Blend 0.23 0.84 




For this phase of study, the flow rate to the corrosion rack was continuous and set 
at approximately 1.5-2.0 gpm. The purpose of a continuous, lower flow rate was to better 
simulate the conditions that occur within the existing clearwell where the RO and IX 
treated waters are blended, which is where the corrosive impacts on this intermediate 
blend are more realized. Instantaneous corrosion rate measurements were taken daily 
from both sides of the test rack. 
First, the corrosion rate measurements were compared between the corroded 
metal and virgin metal to determine if there was a significant difference between the 
corrosion rates. Then the corrosion rates in the presence of the inhibitor chemical were 
compared to the corrosion rates obtained in the first phase of study for the intermediate 
blend to assess the corrosion inhibitor’s ability to decrease the corrosion rates of the mild 




Table 6.3 provides a summary of the average instantaneous corrosion rate 
measurements obtained in Phase II of experimentation. A complete tabulated of corrosion 
rate measurements collected for this test phase can be found in Appendix C. The relative 
difference between the measurements has been shown through a percent difference 
calculation. 
Table 6.3 Phase II average corrosion rate measurements 
  
Average Corrosion Rate (mpy) 
Mild Steel Lead Copper 
Corroded Metal Blend 9.3 0.39 2.6 
Virgin Metal Blend 8.1 0.51 2.2 
% Difference 12.5 30.8 16.4 
 
The following observations can be made from the data shown in Table 6.3: 
 The corrosion rate of the components exposed to the corroded metal blend is 
higher for two of the three metals, mild steel and copper. The corrosion rate of the 
lead is greater for the virgin metal blend 
 The relative difference among the mild steel corrosion rates for the corroded and 
virgin metals is 12.5 % 
 The relative difference among the copper corrosion rates for the corroded and 
virgin metals is slightly greater at 16.4% 
 The relative difference among the lead corrosion rates for the corroded and virgin 
metals is the greatest at 30.8% 
 For both test conditions, the same pattern is observed with respect to the relative 






Similar to the first test phase, the instantaneous corrosion rate measurements were 
used to generate figures illustrating corrosion rate as a function of time. The following 
figures illustrate the variations in corrosion rates throughout the duration of this phase of 
study. Presentation of results and discussion will focus on mild steel corrosion rates as 
the objective of this test phase was to decrease these values. 
Figures 6.1 and 6.2 illustrate the relative difference among corrosion rates for the 
three metals tested for each test blend. The same plot is shown for each blend tested and 
the same range was set for the horizontal axis of each figure to illustrate the relative 
difference among the corrosion rates. Figures also indicate when addition of the corrosion 





Figure 6.1 Average corrosion rate measurements of each metal component for the 
corroded metal blend 
 
Figure 6.2 Average corrosion rate measurements of each metal component for the 
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Figure 6.3 illustrates the variations in the mild steel corrosion rate throughout 
Phase II of study. The corroded and virgin metal test conditions have been plotted on the 
same figure to compare corrosion rate trends. The presentation of the results from this 
study phase will focus on the mild steel corrosion rates as they can give a good indication 
of the general corrosivity of the water. Detailed figures for the lead and copper metals are 
not shown, however, the results are discussed and compared below. 
As shown in Figure 6.3, the corrosion rate measurements do not initially vary 
significantly between the test conditions, however following the increase in corrosion 
inhibitor addition, the corrosion rate of the virgin metal blend begins to decrease while 
the corrosion rate of the corroded metal blend remains fairly constant. This observation 
suggests that the increased corrosion inhibitor concentration was effective at reducing the 
corrosivity of the virgin metal blend towards the mild steel metal component. However, 
the increased corrosion inhibitor concentration did not show an added benefit towards 







Figure 6.3 Phase II mild steel corrosion rate 
 
It can also be seen that the corrosion rate curve does not adhere to the 
characteristic shape described previously: initially high observed corrosion rates followed 
by stabilized, lower and consistent corrosions rates. This observation is likely a result of 
the differences in the build-up of the corrosion layer due to the presence of the corrosion 
inhibitor chemical. The chemical is intended to form a stable, evenly distributed film of 
the metal surface. This is happening in conjunction with the corrosion layer formation 
from metal oxidation.  
In addition, Figure 6.3 does not show initial elevated corrosion rates, they remain 
relatively stable. Thus, the presence of the corrosion inhibitor may assist in dampening 
initial high corrosion rates typically observed as a metal substance equilibrates with the 
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increase in the corrosion inhibitor concentration, as shown in Figure 6.3. However, this is 
likely due to the subtle changes in the water environment due to the increased inhibitor 
concentration and the mild steel having to re-acclimate with these changes. 
Another important observation made from this phase of study that is not shown in 
the above figure were episodes of red water occurring in the corrosion rack containing the 
corroded metal blend. During routine water quality monitoring, it was observed on 
several occasions the presence of brown, discolored water coming from the sample port 
of the corrosion rack when water quality analyses were done on the corroded metal blend. 
This brown, discolored water is often termed red water and typically results from an 
abundance of iron in the water.  
Since the red water was only observed in the corroded metal blend, it most likely 
resulted from the mild steel coupon mounted within the rack. The oxidized iron metal 
that forms the corroded layer on this coupon may have deposited in the water causing the 
discoloration. These observations occurred after the corrosion inhibitor was placed online 
and the mild steel had already formed a sufficient corrosion layer being exposed to 
intermediate blend. Thus, the presence of the corrosion inhibitor may have disturbed the 
existing corrosion layer causing the release of iron into the water. Although no 
significantly elevated corrosion rates were observed for the corroded mild steel metal, the 
introduction of a corrosion inhibitor to an existing corroded metal surface may disrupt the 




Comparison with Results of Study Phase I 
Table 6.4 provides a comparison of the average corrosion rates obtained from 
Phase I and Phase II for the RO-IX blend. From Phase I, the corrosion rates listed are 
from the flowing water condition for each metal tested. From Phase II, the average 
corrosion rates are shown for virgin metal condition.  
Table 6.4 Comparison of average corrosion rates between Phase I and Phase II 
  
Average Corrosion Rate (mpy) 
Mild Steel Lead Copper 
Phase I Intermediate Blend  
(without corrosion inhibitor) 
11.4 0.23 1.2 
Phase II Virgin Metal Blend 
(with corrosion inhibitor) 
8.1 0.51 2.2 
% Difference 28.9 122 83.3 
 
Recall that from Phase I of the corrosion study, new mild steel, lead and copper 
metal components were mounted in the corrosion rack and exposed for a length of time to 
the intermediate blend without the presence of any chemical addition. The corrosion rate 
measurements obtained were based upon the extent of corrosion of the metal surface 
occurring as a result of the exposure to the source water. From Phase II of 
experimentation for the virgin metal blend, the new metal components were mounted into 
the corrosion rack and exposed to the intermediate blend only in the presence of the 
corrosion inhibitor chemical. The corrosion rates obtained resulted from corrosion of the 
metal surface and mitigation of corrosion through the presence of the chemical inhibitor. 




and best represents the extent of corrosion currently occurring to in-plant infrastructure 
exposed to this blend. Likewise, the virgin metal blend can represent the test condition 
within the experiment and can be compared to the results from the first test phase. The 
true benefit of the inhibitor in the water supply can be realized by comparing these two 
blends, and thus assess the ability of the corrosion inhibitor to reduce the corrosion rate of 
the metal components. 
The following observations can be made from the average corrosion rates 
summarized in Table 6.4: 
 The mild steel corrosion rate in Phase II is less than the corrosion rate in Phase I. 
The presence of the corrosion inhibitor in Phase II reduced the corrosion rate of 
the mild steel by 28.9%. 
 The lead corrosion rate in Phase II is greater than the corrosion rate in Phase I. 
The presence of the corrosion inhibitor increased the corrosion rate of lead by 
122%. 
 The copper corrosion rate in Phase II is greater than the corrosion rate in Phase I. 
The presence of the corrosion inhibitor increased the corrosion rate of copper by 
83.3%.  
Phase II Summary 
Results indicate that the previously corroded mild steel component had a higher 
corrosion rate than the virgin mild steel component. This was also observed for the 
copper components; however, the corrosion rate of the virgin lead component was greater 




among corrosion rates of metals in previously corroded environments when compared 
with new, virgin metals. Furthermore, pre-corroding the metallic components yields 
different results when evaluating the performance of a corrosion control inhibitor. 
In general, the corrosion rate of the mild steel was relatively much greater than 
that of the copper and lead metals. The average mild steel corrosion rates for the corroded 
and virgin metal blends were 9.3 and 8.1 mpy, respectively. The average copper and lead 
corrosion rates for the corroded and virgin metal blends were 2.6 and 2.2 mpy, and 0.39 
and 0.51 mpy, respectively. The relative ranking of corrosion rates among the mild steel, 
copper and lead are consistent with the previous test phase.  
Based on the summary data of average corrosion rates of Phase I and Phase II 
data, shown in Table 6.4, it appears that the presence of the corrosion inhibitor can be 
beneficial for reducing mild steel corrosion rates, but adversely affects the corrosion rates 
of lead and copper. However, the extent of corrosion of lead and copper and subsequent 
effects on their release into the water is of greater concern for finished water distributed 
to consumers. The intermediate blend does not represent finished water and will not be 
used for distribution to consumers. 
 Although the presence of the corrosion inhibitor does reduce the extent of mild 
steel corrosion, the percent reduction is only 28.9% and the corrosion rate is still 
approximately 8 mpy. In addition, Phase II experimentation indicated that introduction of 
a corrosion inhibitor to a previously corroded iron surface may cause release of the iron 
corrosion products and result in discolored or red water. The hydraulic conveyance 
components of the in-plant infrastructure contain various metal parts that have previously 




the corrosion inhibitor to reduce in-plant corrosion may disrupt the existing equilibrium 
creating unintentional and secondary impacts such as red water release. 
Based on the results of this evaluation, it was determined that the corrosion 
inhibitor was not a viable solution to control in-plant corrosion issues. Instead, focus was 
returned to the stability of the final blend of water, whose corrosion results were obtained 
in the first test phase. The average mild steel corrosion rate for the final blend of water 
was 2.8 mpy, which is approximately 75% less than the mild steel corrosion rate (11.4 
mpy) of the intermediate blend. Based on the results of experimentation from Phase I and 
Phase II of the corrosion study, it appears that the final blend provides the greatest 
reduction in the mild steel corrosion rate. Therefore, the utility decided to modify 
blending operations to eliminate the intermediate blend from the process and blend all 
three waters in a common clearwell. This will be achieved by transporting the NF 





CHAPTER 7: DISTRIBUTION SYSTEM CORROSION CONTROL 
EVALUATION  
The historical water process configuration, RO-LS-IX, provided to the Town’s 
water distribution system had reached a long-term quasi equilibrium. Recent corrosion 
research has suggested that deviation from historical water quality conditions can disrupt 
the existing equilibrium accelerating corrosion and effecting system water quality, 
consumer acceptance, and regulatory compliance (AWWA, 2011b; USEPA, 2004; 
USEPA, 2007). Thus, the utility is concerned with potential corrosion related issues 
within their distribution system as transition to NF changed finished water pH, alkalinity 
and hardness concentrations. Furthermore, investigation of historical compliance 
monitoring results for LCR revealed that lead and copper concentrations have steadily 
increased in their system since transition to NF. As such, the third phase of testing shifted 
focus to resolve distribution system corrosion issues. 
Overview 
The premise of the third test phase was to examine the effectiveness a blended 
orthophosphate corrosion inhibitor at reducing the corrosivity Town’s finished water 
supply towards lead and copper metallic components. The same corrosion rack was used 
for this evaluation. Consistent with previous test phases, both pipe loops were fitted with 
mild steel, lead solder and copper electrodes and coupons that had been replaced at the 
start of testing. One side of the corrosion rack represented the “control condition” as it 
was fed with the existing finished water supply while the other side represented the “test 




The naming conventions “control” and “test” will be used throughout this chapter to refer 
to each condition. Corrosivity was assessed through daily monitoring of instantaneous 
corrosion rates of the metal electrodes. The obtained corrosion rates have been evaluated 
and compared between the control and test conditions to evaluate the corrosion 
inhibitor’s ability to reduce lead and copper corrosion rates.  
Another aspect of this test phase included evaluation of possible secondary 
impacts associated with the corrosion inhibitor addition. It is not uncommon for water 
quality and aesthetic impacts to occur after introducing a corrosion inhibitor to a system. 
Impacts can include increased finished water turbidity and red water release. Similar 
impacts were observed in the previous test phase where a corrosion inhibitor was 
evaluated. Therefore, the metallic electrodes and coupons were pre-corroded in the 
presence of the existing finished water supply prior to addition of the inhibitor chemical. 
The presence of the inhibitor chemical may disrupt the existing equilibrium that has 
formed between the metal and existing water supply resulting in associated secondary 
impacts. After corrosion inhibitor addition to the test side of the corrosion rack, water 
quality was monitored for turbidity and noticeable changes in the color or clarity of the 
water. In addition, both sides of the test rack were analyzed bi-weekly for the following 
water quality parameters: 
 pH 
 Conductivity  
 Dissolved oxygen  
 Turbidity 
 Chloride 
 Total alkalinity 
 Total hardness 





Lead and Copper Concentrations 
Distribution system lead and copper concentrations have been observed to 
increase since the Town transitioned from the historical lime softening LS process to NF 
for treatment of their fresh GW supply, which occurred in the second half of 2010. To 
avoid possible exceedance of the regulated action levels (AL) for lead and copper, the 
Town wishes to take a proactive approach towards corrosion control and implement a 
corrosion inhibitor to aid in managing lead and copper corrosion. 
The SDWA regulates lead and copper concentrations in drinking water through 
promulgation of the LCR, which requires monitoring at the consumer’s tap. To remain in 
compliance, ninety percent of the lead and copper concentrations must remain below 
their respective action levels of 0.015 mg/L and 1.3 mg/L. The results of the past three 
years of lead and copper monitoring were reviewed to determine if the changes in 
finished water quality were influencing distribution system lead and copper. 
Figure 7.1 illustrates the 90
th
 percentile lead and copper concentrations collected 
at approved locations within the TOWN’s service area. The black squares represent 
copper concentrations and the gray triangles represent lead concentrations. Copper 
concentrations are shown on the left vertical axis and lead concentrations on the right 
vertical axis. The figure reports the 90
th
 percentile values since 2009, and two values are 
reported for each year because monitoring is conducted twice a year, as denoted with “A” 
and “B” designations. As observed in the figure, lead and copper concentrations have 
increased since 2009B with the exception of the 90
th
 percentile copper concentration 











 percentile copper concentrations have remained below the action level of 
1.3 mg/L however, copper concentrations have increased in the distribution system since 
2010. The second half of 2010, 2010B, represents the time period when the Town retired 
the LS system and replaced it with NF. Thus, the quality of the finished water produced 
by the Town albeit higher quality, has changed, and this may be one of the contributing 
factors to elevated copper concentrations. Based on the results of the ongoing corrosion 
monitoring study, the TOWN’s finished water may have increased its propensity toward 
copper corrosion. Furthermore, the maximum copper concentration obtained during 
monitoring in 2011 was 1.66 mg/L, which is greater than the copper action level 
concentration of 1.3 mg/L (at the 90
th
 percentile). 
Review of lead and copper concentrations obtained for LCR compliance further 
indicate that the 90
th
































































Copper AL = 1.3 mg/L 
















2009, as illustrated in Figure 7.1. More specifically, the lead content has more than 
doubled since the second half of 2009, and was reported to be 0.0125 mg/L in the most 
recent round of LCR monitoring, which is within 0.0025 mg/L of the AL for lead. As 
with copper, lead concentrations began increasing around the same time that the TOWN 
transitioned from lime softening to nanofiltration as treatment for the fresh groundwater 
supply. 
Several factors can contribute to the observed increases in lead and copper 
concentrations. Numerous studies have been performed and research published on lead 
and copper corrosion as well as ideal water quality conditions that inhibit their release 
into drinking water. A tailored collaboration with the AwwaRF (WRF) and Tampa Bay 
Water studied the effects of blended water supplies on corrosion of iron, lead and copper. 
In general, it was found that a pH greater than 8.0 was favorable to reduce corrosion of 
metallic components (Imran et al, 2006). In addition, waters with alkalinity greater than 
80 mg/L as CaCO3 reduced iron and lead corrosion, however elevated alkalinity 
concentrations were found to negatively affect copper corrosion (Imran et al, 2005; Imran 
et al, 2006). The study also showed that when a new water supply was introduced into an 
existing system, elevated corrosion of metallic components may be observed until the 
existing system re-equilibrates with the new water supply. 
The finished water blend produced by the TOWN is different then what has 
historically been produced as nanofiltration replaced lime softening for treatment of the 
fresh groundwater supply. More specifically, introduction of the NF treated water 
decreased the finished water pH, but increased alkalinity and hardness concentrations. 




stability and subsequent corrosivity of a water supply. It has been suggested that the 
lowered finished water pH has accelerated lead corrosion while elevated concentrations 
of alkalinity and hardness are promoting increase copper corrosion. 
The WRF has completed numerous research projects that address the issues with 
distribution system corrosion and the lead and copper rule (Case, 2008). In addition, the 
EPA has produced a guidance manual for selecting lead and copper control strategies, 
which may also be used to establish a corrosion control plan to control lead and copper 
concentrations (USEPA, 2003). Both of these documents discuss the use and benefit of 
various corrosion control chemicals such as phosphate based corrosion inhibitors for 
control of copper and lead release into drinking water. 
Water Quality 
Table 7.1 summarizes the average water quality of each condition. A complete 
listing of water quality collected for this test phase as been documented in Appendix D. 
As shown in Table 7.1, there is not a significant difference among water quality for each 
condition with the exception of alkalinity, hardness and phosphorous concentration. The 
alkalinity and hardness concentrations are slightly elevated in the test condition which 
contains the corrosion inhibitor. 
Corrosion Inhibitor 
A 50/50 poly/ortho phosphate blend manufactured by the CARUS Corporation, 
the AQUA MAG 9500, was selected for evaluation because of its analogous use in by a 




rack located adjacent to the NF facility using a chemical feed system consisting of a 
metering pump, supply tubing and chemical storage drum. The corrosion rack was fitted 
with an injection port on the feed side of the piping for chemical delivery. The inhibitor 
chemical provided by CARUS was relatively concentrated requiring dilution and solution 
make-up in a chemical storage drum prior to delivery to the corrosion rack. Chemical 
dilution was achieved by adding a ratio of finished water to neat chemical in the storage 
drum. This ratio was predetermined based on the neat chemical concentration, corrosion 
rack and chemical pump flow rates, and the target corrosion inhibitor concentration, 
which was 1.0 mg/L total phosphate as PO4, which was selected based on the 
manufacturer’s recommendation.  
Table 7.1 Summary of average water quality values for given parameters for the 
existing and test conditions 
Parameter Control Condition Test Condition 
pH 8.3 8.2 
Conductivity 0.46 0.47 
Dissolved Oxygen 3.7 3.6 
Turbidity 0.33 0.35 
Chloride (mg/L) 88 87 
Total Alkalinity (mg/L 
as CaCO3) 
92 96 










Phosphate concentrations were monitored using the Hach Method 8048 for 
orthophosphate. This is an approved EPA for water and wastewater analysis. The method 
only measures the reactive or orthophosphate portion of total phosphate, however the 
ratio of ortho to poly phosphate was provided from the manufacturer. Since the chemical 
was a 50/50 poly/ortho blend, the measured orthophosphate concentration was multiplied 
by two to obtain the total phosphate measurement. 
Table 7.2 presents the average outlet phosphate concentrations for the control and 
test conditions. Phosphate concentrations were monitored on a daily basis in order to 
observe that the chemical feed system was operating correctly.  The average total 
phosphate concentration was 0.97 mg/L as PO4, which is approximately equal to the 
target concentration. The existing finished water contains a small concentration of total 
phosphorous, 0.14 mg/L as PO4, on average. This background phosphate concentration 
was subtracted from the total phosphorous concentration in the test condition, which is 
reported in Table 7.2. 
Table 7.2 Average outlet total phosphate concentrations from the corrosion rack 
Parameter Control Condition Test Condition 
Total phosphorous 
(mg/L as PO4) 
0.14 0.97 
 
There was concern that the presence of the inhibitor may result in secondary 
impacts to the finished water supply in the form of increased turbidity or red water 
release. No red water release was observed throughout the test duration. Table 7.1 shows 




however this difference is considered to be negligible. In general, it does not appear that 
the presence of the corrosion inhibitor results in observable secondary impacts related to 
increased color and/or turbidity of the finished water supply based on the results of this 
study phase. However, it is difficult to simulate or create the actual conditions of the 
distribution system; as such, the behavior and impact of the corrosion inhibitor may 
exhibit different results, which would not be realized until full scale implementation.  
Corrosion Monitoring 
For this phase of study, instantaneous corrosion rate measurements were 
monitored twice per day. A complete tabulation of corrosion rate measurements collected 
for this test phase have been included in Appendix D. The corrosion rate was operated to 
cycle on and off to approximate variations in demand, however, corrosion rates were 
taken during the flowing conditions. Like previous test phases, figures have been created 
to illustrate the corrosion rate as a function of time. Since duplicate measurements were 
taken each day, time has been expressed as operation hours instead of date. This provides 
a better presentation of the data. In addition, figures reflect conditions after initiation of 
the chemical inhibitor. Recall, that the metallic components were exposed to the finished 
water for time a period sufficient to build a corrosion layer before the inhibitor chemical 
commencement, thus, the figures presented do not include the corrosion rate 
measurements obtained during this pre-corrosion period as the inhibitor effectiveness was 





Figure 7.2 illustrates the corrosion rate of mild steel over time. Black diamonds 
represent the test condition while the gray squares represent the control condition. The 
typical corrosion rate of mild steel exhibits initially high corrosion rates as exposure to 
the water results in corrosive attack and metal oxidation. This metal oxidation builds up 
to form a passivation layer protecting the metal surface from continued exposure and 
corrosive attack by the water environment resulting in subsequently lower corrosion 
rates. The initial corrosion rates of mild steel are not shown in Figure 7.2 as this portion 
represented the pre-corrosion period and was not used to evaluate the corrosion 
inhibitor’s effectiveness at reducing corrosion rates. The purpose of pre-corrosion was to 






Figure 7. 2 Comparison of the mild steel corrosion rates in finished water with 
corrosion inhibitor and finished water with no corrosion inhibitor 
 
The corrosion rate of the mild steel in the existing condition, indicated at 
“Control,” follows this typical trend where corrosion rates stabilize to a relatively 
consistent corrosion rate less than 1.0 mpy. However, corrosion rates are observed to 
increase after addition of the corrosion inhibitor in the test condition water. This behavior 
of the mild steel corrosion rate is somewhat typical due to the presence of the 
polyphosphate in the inhibitor chemical. The polyphosphate component of the corrosion 
inhibitor acts to grab and sequester iron from the metal surface, which may be 
responsible for the observed increase in the mild steel corrosion rate. This chemical 
interaction between poly phosphate and iron is one of the primary reasons that corrosion 
inhibitor addition can result in secondary impacts to a finished water supply, primarily in 
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decreased clarity or increased turbidity, and secondary aesthetic impacts were not 
observed during the course of the study. 
Selecting a blended phosphate corrosion inhibitor with a lower ratio of 
polyphosphate may alleviate the increased iron corrosion rates, however the presence of 
some polyphosphate can be beneficial for successful maintenance of inhibitor 
concentration throughout the distribution system. The orthophosphate form of the 
corrosion inhibitor is considered the active form of the chemical reacting with metallic 
ions (primarily lead and copper) to form insoluble complexes that adhere to the metal 
surface inhibiting further corrosion and metal release. Once the orthophosphate is 
consumed during these reactions, no more chemical inhibition occurs and the benefit of 
the corrosion inhibitor may not be realized in the entire distribution system. The 
polyphosphate component acts to carry the inhibitor throughout the distribution system 
similar to the need of secondary disinfection, which promotes the presence of a 
disinfectant residual in the furthest reaches of a system. Chemical interactions occur as 
the water age increases that result in reversion of the polyphosphate form to the active, 
orthophosphate form. Therefore, as water age increases polyphosphate to orthophosphate 
reversion occurs and the reaction between polyphosphate and iron decreases. The results 
of the mild steel corrosion shown in Figure 7.2 represent a short water age where 
essentially no poly- to ortho-phosphate chemical reversion has occurred.  
Table 7.3 presents a summary of the mild steel corrosion rates for the control 
water and the test water after corrosion inhibitor addition. As shown in Table 3, exposure 




The average corrosion rate of the test condition is approximately 57% higher than the 
control, on average. 
Table 7.3 Numerical comparison of mild steel corrosion rates to determine the 
relative effectiveness of the corrosion inhibitor at reducing mild steel corrosion 
 Average Corrosion Rate (mpy) 
Control 1.24 
Test 2.86 
Percent Difference -57% 
Lead 
Figure 7.3 illustrates the corrosion rate of lead over time. Black diamonds 
represent with test condition while the gray squares represent the control condition. As 
shown in Figure 7.3, corrosion rates are sporadic for both conditions and do not depict a 
readily observable trend similar to observations for mild steel. Still, lead oxidation is 
suspected to be occurring for both test conditions, however the metal oxidation and 
formation of a passivation layer is occurring at a much slower rate. As such, the corrosion 





Figure 7.3 Comparison of the lead corrosion rates in finished water with corrosion 
inhibitor and finished water with no corrosion inhibitor 
 
A numerical comparison of both test conditions reveals greater insight into the 
performance of the corrosion inhibitor and its ability to decrease lead corrosion rates. 
Table 7.4 presents a summary of the lead corrosion rates for the control water and the test 
water after corrosion inhibitor addition. Table 7.4 shows that the test condition results in 
a lower corrosion rate relative to the existing condition. The difference between these 
average corrosion rates is approximately 59%. Thus numerical analysis suggests that the 
inhibitor chemical is effective at reducing the lead corrosion rate when compared to lead 
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Table 7.4 Numerical comparison of lead corrosion rates to determine the relative 
effectiveness of the corrosion inhibitor at reducing lead corrosion 
 Average Corrosion Rate (mpy) 
Control 0.32 
Test 0.20 
Percent Difference 59% 
Copper 
Figure 7.4 illustrates the corrosion rate of copper over time. Black diamond’s 
represent with test condition while the gray squares represent the control condition. As 
shown in Figure 7.4, corrosion rates follow a downward trend for the test condition 
following corrosion inhibitor addition. These values continue to decrease. The copper 
corrosion rate in the control water continues to be elevated and eventually decreases to 
corrosion rates comparable to the test condition. Although the trend of copper corrosion 
in the existing finished water supply (Control) is also shown to decrease, copper in the 
presence of the inhibitor appears to respond quickly and decrease at a faster rate.  
The differences in copper corrosion rates were also evaluated numerically, shown 
in Table 7.5. The average corrosion rates were taken for each condition and compared. 
The copper corrosion rate for the test condition was 67% lower than for the existing, 
control condition, on average. This suggests that the copper corrosion rates are lower in 







Figure 7.4 Comparison of the copper corrosion rates in finished water with 
corrosion inhibitor and finished water with no corrosion inhibitor 
 
Table 7.5 Numerical comparison of copper corrosion rates to determine the relative 
effectiveness of the corrosion inhibitor at reducing copper corrosion 
 Average Corrosion Rate (mpy) 
Control 2.56 
Test 1.53 
Percent Difference 67% 
 
Phase II Summary 
The purpose of the third test phase was to evaluate the effectiveness of a blended 
orthophosphate corrosion inhibitor at reducing the corrosiveness of the Town’s finished 
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phosphate blended chemical inhibitor (AQUA MAG 9500) manufactured by the CARUS 
Corporation was selected for evaluation. Mild steel, lead and copper metal electrodes and 
coupons were selected for analysis. These metal components were pre-corroded in the 
presence of the Town’s existing water supply prior to addition of the corrosion inhibitor 
chemical to assess if presence of the inhibitor produced secondary impacts related to 
increased turbidity or red water release. Corrosion rates were compared between the 
control and test conditions in order to evaluate the inhibitor’s performance. 
The blended orthophosphate corrosion inhibitor was observed to increase mild 
steel corrosion rates and decrease lead and copper corrosion rates relative to the existing 
finished water supply. Secondary impacts were not observed associated with the presence 
of the corrosion inhibitor (turbidity increase, red water release). Increased mild steel 
corrosion in the presence of a blended phosphate inhibitor is not an uncommon 
observation and is suspected to result from polyphosphate interactions and iron 
sequestration. The presence of the corrosion inhibitor in the finished water supply 
resulted in an average lead corrosion rate that was 59% lower than that of the existing 
condition. Likewise, the average copper corrosion rate was found to be 67% lower in the 
test condition relative to the existing condition. Based on the reductions in lead and 
copper corrosion, it appears that the corrosion inhibitor is a viable solution for 






CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 
The Town recently changed its water treatment operations from a combination of 
RO, IX and LS to a combination of RO, IX and NF. A change from the older LS 
technology to NF technology was implemented to enhance consumer water quality; 
however, the Town was concerned that the change in treatment could result in secondary 
impacts related to corrosion of iron, lead and copper system infrastructure components. 
At the request of the Town, the UCF developed a corrosion study to evaluate secondary 
impacts related to the transition from LS to NF. 
Specifically, there were concerns that the process changes were affecting in-plant 
and distribution system corrosion. The process changes altered the finished water quality, 
which may accelerate corrosion of distribution system components and effecting 
regulatory compliance. In addition, replacement of the LS process altered the in-plant 
blending operations by creating an unstable intermediate blend composed of RO and IX 
waters. There were concerns that this intermediate blend was affecting the integrity of in-
plant hydraulic conveyance components. Evaluations were completed in three phases to 
address in-plant and distribution system corrosion issues separately. 
A test apparatus was constructed and operated at the Town’s facilities to monitor 
corrosion activity of mild steel, copper and lead solder metal components. The test 
apparatus consisted of looped PVC pipe segments housed with electrochemical probes 
and metal coupons to monitor corrosion rates of the metallic components. 
Electrochemical probes containing metal electrodes were used to obtain instantaneous 




gravimetrically evaluated for weight loss. Different test waters flowed through the 
corrosion rack according to each test phase and relative corrosion rates were compared to 
evaluate corrosion control techniques. 
Conclusions 
 Research activities were completed in three phases. A brief review of each phase 
is presented below along with appropriate conclusions. 
Phase I 
This portion of the study evaluated the relative corrosion rates of the intermediate 
and final blends of water produced by the Town. The purpose of this initial assessment 
was to determine the extent of corrosion associated with each water blend. Results from 
this test phase confirmed the corrosive nature of the intermediate blend and motivated 
further study of in-plant corrosion control. 
Study efforts indicated that the depleted mineral content and aggressiveness of the 
intermediate blend could not be offset by pH adjustment alone. This was determined by 
observation of the accelerated mild steel corrosion rates. However, the final blend of 
water was sufficiently stabilized resulting in much lower mild steel corrosion rates. This 
suggests that corrosion of iron containing components can be best controlled in a water 
supply that is sufficiently buffered containing increased concentrations of alkalinity and 
hardness while maintaining a pH above 8.0. 
In addition, study findings indicated that corrosion of copper components was 




to increase sharply in the finished water supply when alkalinity and hardness 
concentrations increased. Water purveyors should consider quality control and a 
consistent finished water quality to address copper corrosion issues. When changes to 
operations are anticipated, allow the system to re-equilibrate prior to sampling for LCR 
compliance. Process changes that can affect finished water quality include but are not 
limited to modification or replacement of a treatment technology, changing disinfectants, 
or altering blend ratios of multiple source waters. 
Phase II 
The purpose of this evaluation was to select a treatment technique that would 
minimize corrosion of in-plant piping, pumps and associated appurtenances. A low dose 
of an orthophosphate corrosion inhibitor was evaluated to determine its effectiveness at 
reducing mild steel corrosion rates. It was determined that this treatment technique 
provided limited benefit for corrosion control and resulted in secondary aesthetic impacts 
related to increased turbidity. To alleviate in-plant corrosion, the intermediate blend was 
eliminated from operation by blending the RO, IX and NF product waters in a common 
location. 
This portion of the study was approached differently than other corrosion studies 
where chemical inhibitors were evaluated. One set of metallic components were pre-
corroded in the presence of the native water supply prior to introduction of the chemical. 
Conducting the analysis in this way allowed for the assessment of secondary impacts. 
Study results indicated that pre-corroding the metals yielded different results with respect 




corrosion rates compared to the virgin metal components while the pre-corroded lead 
solder corrosion rates were lower than the virgin lead solder. In addition, secondary 
impacts were observed as the presence of the inhibitor in the corroded environment 
increased the turbidity and altered the color of the water. This study indicated that the 
orthophosphate corrosion inhibitor was not a viable solution for in-plant corrosion control 
as the inhibitor’s presence in a pre-corroded metal environment lead to increased 
turbidity and color in the treated water supply. 
Phase III 
This portion of the study shifted focus to monitor corrosion issues related to 
distribution system water quality. The results from the past three years of monitoring for 
Lead and Copper Rule (LCR) compliance were reviewed. Lead and copper distribution 
system concentrations were compared before and after the Town made the transition from 
LS to NF. It was observed that lead and copper concentrations have increased since NF 
product water was incorporated into the finished water supply.  
In response to the observed increases in distribution system lead and copper 
concentrations, the Town decided to take a proactive approach to corrosion control and 
requested that UCF evaluate a 50/50 poly/ortho blended corrosion inhibitor. The inhibitor 
assessment indicated that the chemical increased mild steel corrosion rates, however 
decreased both lead and copper corrosion rates. The results suggested that introduction of 






The goal of this study was to identify viable corrosion control alternatives for the 
Town to address in-plant and distribution system corrosion. This study confirmed 
previous research results that suggested accelerated corrosion can result from modifying 
treatment processes, which alter finished water quality. The following recommendations 
are provided based on the corrosion control evaluations performed for the Town: 
 Eliminate the intermediate blend from in-plant operations. This can be 
accomplished by constructing a transfer pipe to carry the NF permeate to the 
existing RO-IX blend location. 
 Maintain consistent operations to produce a stabilized finished water product 
in order to avoid accelerated copper corrosion. If water quality changes are 
anticipated, such as free chlorine maintenance, allow sufficient time for the 
system to re-equilibrate prior to sampling for LCR compliance. 
 Consider modifying the corrosion control program to include a blended 
orthophosphate corrosion inhibitor. The target total phosphate concentration is 
recommended to be 1.0 mg/L as PO4. Study findings indicated that the 
chemical successfully reduced lead and copper corrosion and may alleviate 
distribution system corrosion issues. 
 Continue studies with evaluation of a second or third analogous chemical 
manufactured by a different supplier. This may reveal additional insight into 





 Closely monitor distribution system water quality after full scale 




























Figure A.4 Schematic of electrode provided by Metal Samples for testing 
 















Intermediate Blend Final Blend Intermediate Blend Final Blend Intermediate Blend Final Blend Intermediate Blend Final Blend Intermediate Blend Final Blend
10/14/2010 9.26 NA 0.45 NA NA NA 0.17 NA 98.0 NA
10/15/2010 9.00 NA 0.44 NA NA NA 0.10 NA 107.5 NA
10/18/2010 8.76 NA 0.44 NA 2.98 NA 0.10 NA 101.0 NA
10/22/2010 9.16 NA 0.47 NA 3.79 NA 0.12 NA 101.5 NA
10/25/2010 8.28 NA 0.50 NA 3.77 NA 0.09 NA 109.0 NA
10/26/2010 8.72 8.33 0.50 0.49 4.06 4.45 0.11 0.12 109.0 95.0
11/1/2010 8.53 8.52 0.50 0.47 3.66 3.41 0.12 0.18 100.0 89.0
11/5/2010 8.80 8.80 0.61 0.47 4.60 3.56 0.25 0.16 137.0 98.0
11/8/2010 8.70 8.71 0.47 0.47 3.74 3.33 0.14 0.09 110.5 97.0
11/10/2010 9.60 8.71 0.55 0.48 3.04 3.95 0.06 0.09 119.0 100.0
11/12/2010 7.53 8.48 0.52 0.50 3.17 3.71 0.10 0.17 115.0 100.0
11/15/2010 8.26 8.60 0.44 0.50 3.43 3.68 0.06 0.17 101.0 95.0
11/17/2010 8.85 8.59 0.48 0.48 3.54 3.81 0.05 0.08 106.5 102.0
11/22/2010 8.57 8.52 0.48 0.47 3.75 3.89 0.06 0.21 105.0 98.5
11/24/2010 9.17 8.63 0.46 0.49 3.94 3.77 0.10 0.10 98.0 106.0
11/29/2010 9.64 8.50 0.49 0.47 3.76 3.70 0.08 0.16 98.0 94.0
12/8/2010 9.39 8.02 0.45 0.47 3.42 3.61 0.12 0.15 99.5 97.5
12/10/2010 9.27 8.12 0.48 0.47 3.95 3.85 0.16 0.20 98.0 93.5
12/13/2010 8.77 7.85 0.45 0.46 3.69 3.70 0.11 0.21 98.5 89.5
12/31/2010 8.92 8.50 0.43 0.47 3.72 3.76 0.11 0.26 93.0 87.0
1/10/2011 9.10 8.69 0.48 0.45 3.98 3.83 0.21 0.29 97.0 82.0
1/21/2011 8.64 8.31 0.49 0.47 3.89 3.83 0.14 0.21 101.0 89.0
1/31/2011 8.87 8.27 0.44 0.45 3.98 3.82 0.07 0.22 89.5 81.0
AVERAGE 8.86 8.45 0.48 0.47 3.70 3.76 0.11 0.17 104.02 94.11
Chloride (mg/L)
Date




Table B.1 Continued 
 
 
Intermediate Blend Final Blend Intermediate Blend Final Blend Intermediate Blend Final Blend Intermediate Blend Final Blend Intermediate Blend Final Blend
10/14/2010 12.00 NA 65.0 NA 77.0 NA 48.0 NA 49.0 NA
10/15/2010 10.00 NA 48.0 NA 58.0 NA 36.0 NA 44.0 NA
10/18/2010 6.00 NA 49.0 NA 55.0 NA 42.0 NA 43.0 NA
10/22/2010 12.00 NA 51.0 NA 63.0 NA 42.0 NA 44.0 NA
10/25/2010 2.00 NA 47.0 NA 49.0 NA 40.0 NA 44.0 NA
10/26/2010 6.00 2.0 52.0 70.0 58.0 72.0 46.0 70.0 46.0 70.0
11/1/2010 6.00 6.0 68.0 74.0 74.0 80.0 46.0 70.0 46.0 70.0
11/5/2010 10.00 12.0 46.0 66.0 56.0 78.0 37.0 60.0 40.0 60.0
11/8/2010 10.00 10.0 50.0 62.0 60.0 72.0 43.0 52.0 44.0 54.0
11/10/2010 23.50 8.0 64.0 58.0 87.5 66.0 48.0 51.0 50.0 53.0
11/12/2010 0.00 10.0 50.0 72.0 50.0 82.0 43.0 65.0 45.0 66.0
11/15/2010 0.00 6.0 58.0 57.0 58.0 63.0 44.0 50.0 44.0 54.0
11/17/2010 6.00 4.0 52.0 55.0 58.0 59.0 43.0 49.0 45.0 53.0
11/22/2010 6.00 8.0 52.0 54.0 58.0 62.0 43.0 46.0 44.0 49.0
11/24/2010 15.00 6.0 57.0 54.0 72.0 60.0 43.0 48.0 45.0 48.0
11/29/2010 23.00 6.5 67.0 74.5 90.0 81.0 55.0 66.0 57.0 72.0
12/8/2010 15.00 0.0 59.0 94.0 74.0 94.0 47.0 96.0 51.0 102.0
12/10/2010 18.00 0.0 61.0 95.0 79.0 95.0 48.0 97.0 51.0 102.0
12/13/2010 12.00 0.0 55.0 96.0 67.0 96.0 45.0 97.0 46.0 98.0
12/31/2010 14.00 8.0 52.0 96.0 66.0 104.0 45.0 90.0 50.0 96.0
1/10/2011 14.00 8.0 54.0 90.0 68.0 98.0 41.0 82.0 46.0 88.0
1/21/2011 8.00 3.0 56.0 89.0 64.0 92.0 50.0 86.0 56.0 90.0
1/31/2011 12.00 0.5 47.0 89.0 59.0 89.5 39.0 80.0 44.0 87.0
AVERAGE 10.46 5.44 54.78 74.75 65.24 80.19 44.09 69.72 46.70 72.89
M Alkalinity (mg/L as CaCO3) Calcium Hardness (mg/L as CaCO3) Total Hardness (mg/L as CaCO3)
Date




Table B.2 Phase I Corrosion Rate Data 
Racks 1&2 Racks 3&4 Rack 1 Rack 2 Rack 3 Rack 4
10/14/2010 RW 12:30 On 315120.2 NA 3.2 3.2 NA NA
10/14/2010 MC 13:30 On 315609.8 NA 3.4 3.6 NA NA
10/15/2010 JL 10:07 On 317421.7 NA 3.1 3.1 NA NA
10/20/2010 MC 9:55 On 331328.1 NA 3.4 3.1 NA NA
10/21/2010 MC 10:35 On 331328.1 NA 3.4 3.2 NA NA
10/22/2010 MC 11:00 On 331360.1 NA 3.3 3.4 NA NA
10/25/2010 MC 11:30 On 348939.9 NA 3.2 3.1 NA NA
10/26/2010 MC 13:30 On 350674.6 400017.5 3.4 3.5 3.6 3.3
11/1/2010 MC 10:40 On 372388.9 419314 3.2 3.1 3.4 3.2
11/2/2010 MC 11:30 On 375461.4 422884.8 2 1.6 3.4 3.2
11/4/2010 MC 9:10 On 380288.6 427978.4 3.6 3.3 3.2 3.2
11/5/2010 MC 10:30 On 383658.6 431297.4 3.2 2.9 3.1 3
11/8/2010 MC 10:25 On 384178.6 481811.5 3 2.9 3.1 2.9
11/9/2010 MC 10:55 On 386495.4 433882.7 3.2 3.2 3.2 3.1
11/10/2010 MC 9:20 On 388198.3 435453.6 3 2.8 3.1 3
11/12/2010 MC 9:20 On 392852.4 439870 3.1 2.9 3.2 3
12/10/2010 MC 10:30 On 441062.5 499768.7 3.6 3.8 4.1 3.9
12/13/2010 MC 10:35 On 448847 508070.3 3.7 3.7 3.8 3.6
12/14/2010 MC 10:30 On 451292.6 510808.4 3.6 3.6 3.8 3.6
12/16/2010 MC 9:00 On 455781 515769.3 3.6 3.7 4.8 4.6
12/17/2010 MC 9:05 On 458363.4 519271.6 3.8 3.6 5 4.7
12/31/2010 MC 10:30 On 494291.6 566955.3 3.8 3.4 4.6 4.8
1/4/2011 MC 10:40 On 504309.6 580517.5 3.8 3.6 4.9 4.8
1/10/2011 MC 9:10 On 522990.3 600641.2 4.6 4.6 4.8 4.8
1/12/2011 MC 10:50 On 529449.6 607635.4 4.7 4.6 4.7 4.7
1/13/2011 MC 9:05 On 532775.4 611066.5 4.7 4.6 4.5 4.5
1/14/2011 MC 9:05 On 563018.2 614400.4 4.8 4.6 4.7 4.7
1/18/2011 MC 11:00 On 550119 629456.5 4.6 4.5 4.8 4.8
1/21/2011 MC 9:20 On 558930.2 638859.5 4.7 4.5 4.7 4.9
1/24/2011 JL 9:17 On 568667.7 649155 4.7 4.5 4.8 4.8
1/26/2011 JL 9:30 On 575272 656303 4.7 4.5 4.8 4.8
1/28/2011 JL 10:34 On 582247 663775 4.7 4.5 4.7 4.7
1/31/2011 MC 9:05 On 591279.2 673231.4 4.8 4.6 4.8 4.8
2/1/2011 MC 11:25 On 595811.6 678117.4 4.8 4.6 4.9 4.9
2/7/2011 MC 9:25 On 611259 686192.1 4.8 4.6 4.7 4.8
2/10/2011 MC 9:30 On 618171.5 693154.2 4.8 4.6 4.7 4.6
2/11/2011 MC 9:00 On 620066.3 695115.4 4.8 4.6 4.5 4.6
2/14/2011 MC 9:00 On 629877.5 705053.4 4.8 4.6 4.5 4.7
2/24/2011 MC 9:05 On 660867.3 737174.5 4.8 4.6 4.8 4.6
2/25/2011 MC 10:30 On 664905.5 741520.3 4.7 4.5 4.9 4.6
Average 3.93 3.80 4.26 4.19
Date Operator Time Water Flow




Table B.2 Continued 
 
Mild Steel-6357 Lead-6358 Copper-6359 Mild Steel-6360 Lead-6361 Copper-6362
10/14/2010 0.41 0.23 0.3 No Data No Data No Data
10/14/2010 0.74 0.16 0.39 No Data No Data No Data
10/15/2010 9.03 0.16 5.54 No Data No Data No Data
10/20/2010 7.71 0.12 0.7 No Data No Data No Data
10/21/2010 7.87 0.08 0.6 No Data No Data No Data
10/22/2010 11.66 0.77 2.53 No Data No Data No Data
10/25/2010 12.05 0.1 2.91 No Data No Data No Data
10/26/2010 27.32 0.16 1.4 1.28 0.16 7.15
11/1/2010 6.5 0.23 0.12 8.78 0.14 3.69
11/2/2010 18 0.25 1.49 7.38 0.06 3.33
11/4/2010 12.6 0.31 1.02 6.67 0.27 1.22
11/5/2010 14.22 0.1 0.43 6.62 0.06 0.84
11/8/2010 12.2 0.14 3.14 8.32 0.1 1
11/9/2010 13.79 0.08 0.71 6.76 0.08 1.41
11/10/2010 14.69 0.2 0.36 6.48 0.1 1.13
11/12/2010 9.44 0.2 3.39 6.62 0.25 1.06
12/10/2010 13.2 0.29 0.62 2.45 0.29 4.83
12/13/2010 13.38 0.35 0.95 2.7 0.25 4.67
12/14/2010 13.36 0.37 0.62 2.65 0.14 4.6
12/16/2010 14.31 0.27 0.82 2.45 0.33 5.08
12/17/2010 12.7 0.46 0.62 2.35 0.39 4.44
12/31/2010 11.72 0.33 1.16 1.51 0.16 1.8
1/4/2011 11.43 0.27 1.19 1.35 0.04 1.81
1/10/2011 12.19 0.12 0.74 1.13 0.18 1.61
1/12/2011 11.42 0.35 0.7 1.25 0.18 1.69
1/13/2011 11.64 0.25 1 1.16 0.2 1.81
1/14/2011 11.53 0.41 0.39 1.37 0.06 1.49
1/18/2011 9.75 0.2 2.34 1.16 0.12 2.43
1/21/2011 11.47 0.18 2.85 1.1 0.06 1.62
1/24/2011 10.74 0.08 2.72 1.23 0.1 2.18
1/26/2011 10.64 0.29 1.46 1.09 0.16 1.67
1/28/2011 10.79 0.25 1.8 1.01 0.18 1.94
1/31/2011 10.58 0.18 1.49 0.99 0.25 1.81
2/1/2011 9.08 0.2 1.03 0.95 0.18 2.26
2/7/2011 10.23 0.13 0.54 1.01 0.39 1.86
2/10/2011 12.68 0.14 0.17 1.08 0.23 0.9
2/11/2011 11.62 0.1 0.68 0.91 0.23 0.89
2/14/2011 10.69 0.08 0.14 0.83 0.23 1.69
2/24/2011 11.69 0.06 0.47 0.9 0.06 2.37
2/25/2011 10.02 0.48 2.67 0.8 0.1 1.7
Average 11.38 0.23 1.31 2.80 0.17 2.36















Date pH Conductivity/TDS Total Alkalinity Calcium Hardness
3/18/2011 8.92 0.457 50.8 40.0
3/19/2011 8.89 0.428 51.0 41.7
3/20/2011 8.84 0.446 49.7 40.3
3/21/2011 8.53 0.437 49.0 39.7
3/22/2011 8.88 0.434 54.0 45.3
3/23/2011 8.83 0.465 51.0 44.7
3/24/2011 8.77 0.473 52.3 46.7
3/24/2011 8.76 0.472 69.0 48.0
3/25/2011 8.70 0.453 56.0 46.2
3/26/2011 8.76 0.464 59.0 48.7
3/27/2011 8.86 0.464 58.0 47.7
3/28/2011 8.80 0.478 54.3 45.0
3/29/2011 8.72 0.485 56.0 46.7
3/30/2011 8.83 0.473 54.7 44.0
3/31/2011 8.84 0.461 58.8 43.2
4/1/2011 8.77 0.491 57.0 45.3
4/2/2011 8.78 0.447 50.3 40.3
4/3/2011 8.88 0.440 50.3 39.3
4/4/2011 8.84 0.470 51.7 40.3
4/5/2011 8.82 0.461 53.0 45.0
4/6/2011 8.80 0.492 51.7 43.0
4/7/2011 8.72 0.496 52.3 44.0
4/8/2011 8.88 0.471 53.5 43.0
4/9/2011 8.84 0.473 52.0 41.6
4/10/2011 8.86 0.469 51.7 41.3
4/11/2011 8.87 0.455 55.0 46.5
4/12/2011 8.85 0.439 52.3 50.7
4/13/2011 8.88 0.465 54.0 47.0
4/14/2011 8.90 0.444 53.0 44.0
4/15/2011 8.90 0.458 55.7 45.7
4/16/2011 8.88 0.460 54.0 47.7
4/17/2011 8.88 0.479 57.0 49.0
4/18/2011 8.74 0.435 53.6 47.6
4/19/2011 8.82 0.445 54.0 43.6




Table C.1 Continued 
 
Date pH Conductivity/TDS Total Alkalinity Calcium Hardness
4/21/2011 8.84 0.441 54.8 44.4
4/22/2011 8.80 0.438 54.4 40.8
4/23/2011 8.80 0.457 54.7 41.3
4/24/2011 8.82 0.450 54.3 42.3
4/25/2011 8.80 0.440 55.7 42.7
4/26/2011 8.83 0.441 52.3 43.0
4/27/2011 8.84 0.479 53.7 43.0
4/28/2011 8.88 0.479 53.7 43.7
4/29/2011 8.85 0.474 52.7 43.0
4/30/2011 8.02 0.472 54.3 44.0
5/1/2011 8.92 0.467 53.3 42.3
5/2/2011 8.89 0.462 54.4 44.4
5/3/2011 8.90 0.454 53.0 43.3
5/4/2011 8.71 0.457 54.3 44.0
5/5/2011 8.69 0.460 53.0 41.0
5/6/2011 8.80 0.443 53.0 42.3
5/7/2011 8.64 0.444 53.3 44.0
5/8/2011 8.83 0.467 55.3 42.3
5/9/2011 8.93 0.452 54.0 40.3
5/10/2011 8.85 0.446 49.0 39.7
5/10/2011 8.78 0.454 61.5 38.0
5/11/2011 8.81 0.449 49.0 39.7
5/12/2011 8.84 0.468 51.5 38.0
5/12/2011 NA 0.733 NA NA
5/13/2011 8.75 0.459 51.2 39.7
5/13/2011 8.93 0.433 64.0 42.0
5/17/2011 8.57 0.472 62.5 42.5
5/20/2011 8.91 0.494 65.5 42.0
5/24/2011 8.67 0.471 50.3 42.0
6/2/2011 9.03 0.448 70.0 40.0
6/7/2011 8.83 0.432 56.5 36.0
6/16/2011 9.04 0.474 71.0 42.0
6/21/2011 8.66 0.435 64.5 46.0
7/6/2011 9.09 0.451 66.5 42.0




Table C.1 Continued 
Date Flow Rate (gpm) Dissolved Oxygen Turbidity (NTU) Phosphate (mg/L as PO43-) Chloride (mg/L) Total Hardness (mg/L as CaCO3)
3/24/2011 4.10 3.72 0.15 NA 105.5 48.0
5/10/2011 1.38 3.93 0.49 0.194 91.0 44.0
5/12/2011 1.38 NA NA 0.253 NA NA
5/13/2011 1.40 3.93 0.28 0.215 82.3 46.0
5/17/2011 1.35 3.94 0.43 0.266 89.3 48.5
5/20/2011 1.23 3.87 0.11 0.241 103.3 46.5
5/24/2011 1.20 3.83 0.14 0.210 99.0 44.0
6/2/2011 1.15 3.88 0.18 0.191 91.3 44.0
6/7/2011 1.20 3.78 0.45 0.235 97.8 40.5
6/16/2011 1.85 3.93 0.17 0.912 95.5 46.0
6/21/2011 2.00 3.81 0.17 0.850 85.8 48.0
7/6/2011 1.95 3.86 0.19 0.762 92.8 44.0




Table C.2 Phase II Corrosion Rate Data 
Racks 1&2 Racks 3&4 Rack 1 Rack 2 Rack 3 Rack 4 Rack 1 Rack 2 Rack 3 Rack 4 Mild Steel-6357 Lead-6358 Copper-6359 Mild Steel-6360 Lead-6361 Copper-6362
3/22/2011 709101 787057.7 4 4.2 4 4.2 10.33 0.33 4.33
3/24/2011 714515.2 792373.5 4 4.2 3.8 4 11.81 0.39 4.43
3/28/2011 726733.5 804345.5 2.5 2.7 2.5 2.4 3.35 0.33 2.02
4/15/2011 757761.3 833246.2 2.6 2.4 2.6 2.4 1.10 0.33 3.14
4/18/2011 762858.9 838067.3 2.3 2.8 2.5 2.2 0.15 0.50 3.42
4/20/2011 766401 841412.7 2.3 2.9 2.5 2.2 1.23 0.41 2.51
4/22/2011 769773.5 844606.5 2.3 2.8 2.5 2.2 2.10 0.54 2.51
4/25/2011 775559.4 8500418.6 2.7 2.6 2.4 2.3 1.19 0.50 3.79
4/26/2011 776973.6 851323.2 2.6 2.6 2.4 2.2 1.76 0.20 2.85
4/28/2011 780880.5 2.5 2.6 4.79 0.37 2.13
4/29/2011 784063.6 857792.4 2.5 2.6 4.95 0.16 4.30
5/2/2011 790761.4 863980.5 2.5 2.6 2.62 0.48 3.98
5/3/2011 792821.5 865095.2 2.5 2.6 8.56 0.46 3.97
5/4/2011 795521 2.5 2.7 1.62 0.37 2.40
5/5/2011 798481 871148 1.5 1.6 1.4 1.6 0.339 0.339 0.692 0.692 9.99 0.48 5.15 4.25 0.23 4.48
5/6/2011 800722.9 874055 1.0 1.6 1.4 1.7 0.306 0.218 0.255 0.212 10.75 0.54 3.66 8.85 0.25 2.66
5/9/2011 809636.7 887239.4 1.0 1.6 1.4 1.7 0.171 0.199 0.187 0.191 10.24 0.60 3.81 8.40 0.35 1.02
5/10/2011 812335.4 890823.5 1.0 1.6 1.3 1.6 0.200 0.228 0.182 0.164 10.75 0.65 4.01 8.88 0.39 0.97
5/11/2011 815821.4 895567.3 1.0 1.6 1.2 1.6 0.193 0.180 0.173 0.167 10.69 0.69 4.01 9.17 0.44 1.51
5/12/2011 818239.7 899008.5 1.0 1.5 1.4 1.6 0.246 0.258 0.245 0.263 10.85 1.04 1.13 9.91 0.23 0.86
5/13/2011 821091.5 902941.6 1.2 1.5 1.3 1.6 0.212 0.234 0.212 0.203 9.88 0.39 2.71 10.37 0.33 1.92
5/13/2011 821756.4 903086.6 1.1 1.4 1.3 1.6 0.222 0.249 0.263 0.311 9.77 1.04 1.96 10.43 0.35 1.41
5/16/2011 827600.1 910992.4 1.0 1.5 1.1 1.5 0.213 0.230 0.216 0.223 10.38 0.52 2.96 10.49 0.35 3.22
5/17/2011 830841.2 915200.4 1.0 1.3 1.3 1.6 0.206 0.214 0.214 0.216 10.58 0.39 9.72 10.60 0.29 2.35
5/17/2011 831217.6 915691.2 1.2 1.5 1.2 1.5 0.256 0.256 0.262 0.289 10.31 0.29 2.83 9.87 0.31 3.52
5/18/2011 833402.5 918244.6 1.0 1.4 1.1 1.4 0.299 0.286 0.292 0.298 10.30 0.29 2.55 10.01 0.39 3.61
5/19/2011 837099.8 921900 1.0 1.5 1.1 1.5 0.243 0.206 0.239 0.212 9.83 0.35 2.05 9.28 0.25 3.36
5/20/2011 839114.7 921900 1.0 1.5 1.3 1.1 0.265 0.230 0.240 0.229 9.51 0.14 1.97 8.81 0.31 3.06
5/20/2011 839751.6 O/S 1.0 1.4 1.3 1.2 0.254 0.231 0.238 0.232 9.86 0.35 2.39 9.78 0.23 1.69
5/23/2011 847624.5 O/S 1.1 1.6 1.1 1.1 0.273 0.189 0.232 0.260 8.51 0.37 3.38 9.40 0.29 3.50
5/24/2011 850480.6 O/S 1.1 1.4 1.2 1.1 0.196 0.215 0.220 0.210 7.94 0.23 4.41 9.18 0.29 4.16
5/24/2011 851007.8 O/S 1.0 1.5 1.1 1.1 0.254 0.236 0.249 0.256 8.19 0.14 2.87 8.38 0.35 3.58









Table C.2 Continued 
 
 
Racks 1&2 Racks 3&4 Rack 1 Rack 2 Rack 3 Rack 4 Rack 1 Rack 2 Rack 3 Rack 4 Mild Steel-6357 Lead-6358 Copper-6359 Mild Steel-6360 Lead-6361 Copper-6362
5/26/2011 855723.3 O/S 1.0 1.5 1.1 1.0 0.134 0.142 0.267 0.240 8.55 0.35 2.61 9.46 0.29 1.57
5/27/2011 857225.8 O/S 1.0 1.5 1.1 1.1 0.260 0.233 0.219 0.199 8.82 0.33 2.63 9.42 0.27 3.38
6/1/2011 867243.2 923920.2 1.1 1.2 1.2 1.0 0.354 0.328 0.427 0.496 9.96 0.29 2.87 14.28 0.25 3.57
6/2/2011 869281.1 925222.4 1.1 1.2 1.2 1.1 0.181 0.190 0.199 0.192 8.30 0.18 1.84 7.83 0.20 3.12
6/3/2011 871704.2 927426.4 1.0 1.2 1.1 1.0 0.216 0.244 0.203 0.219 8.06 0.18 1.88 8.38 0.12 1.19
6/6/2011 877771.2 932663.4 1.0 1.3 1.2 1.4 0.206 0.227 0.219 0.210 10.58 0.39 1.56 5.92 0.16 0.86
6/7/2011 880307 934717.5 1.2 1.1 1.2 1.3 0.179 0.260 0.246 0.254 7.56 0.23 0.51 4.96 0.67 0.74
6/8/2011 884613.2 939014.6 1.7 1.9 1.8 1.9 0.798 0.968 0.780 1.106 7.56 0.06 3.25 7.57 0.14 2.77
6/9/2011 890653.6 945126.3 1.6 1.9 1.6 1.8 0.926 0.988 0.834 0.926 8.45 0.18 1.30 14.19 0.10 1.96
6/10/2011 894925.2 949746.3 1.5 1.8 1.6 1.7 0.773 0.947 0.861 0.837 7.03 0.27 1.33 7.04 0.18 2.34
6/13/2011 907895.5 962616.4 1.6 1.8 1.6 1.7 1.026 1.093 1.140 0.937 6.64 0.14 2.31 9.73 0.35 3.01
6/15/2011 916076.4 971105.3 1.7 1.7 1.8 1.9 0.846 0.871 0.938 0.828 8.36 0.27 3.20 9.08 0.20 3.68
6/16/2011 922010.3 977177.4 1.8 2.0 1.8 1.8 0.828 1.051 0.943 0.824 7.98 0.16 1.94 6.36 0.29 0.20
6/17/2011 926107.4 982103.5 2.0 1.9 1.9 2.0 0.830 0.807 0.784 0.761 8.71 0.52 1.88 6.45 0.50 2.13
6/20/2011 938359.5 996734.2 2.0 2.0 2.0 1.9 0.778 0.713 0.726 0.796 8.28 0.18 2.47 5.93 0.27 5.42
6/21/2011 944049.1 1002928 2.0 2.0 2.0 2.0 0.949 0.830 0.837 0.784 7.12 0.33 2.88 5.65 0.35 4.19
6/22/2011 949435.4 1009814.6 2.0 2.0 2.0 2.0 0.712 0.884 0.790 0.903 8.76 0.37 1.94 OVER OVER OVER
6/27/2011 968438.4 1034364 2.0 1.9 2.0 2.0 0.816 0.803 0.804 0.788 8.50 0.52 2.26 5.88 0.46 1.30
6/28/2011 972751.8 1039196.4 2.0 1.9 2.0 2.0 0.803 0.788 0.770 0.643 8.75 0.33 1.43 5.56 0.39 0.14
6/30/2011 981722.4 1048450 2.0 2.1 1.9 2.1 0.681 0.558 0.697 0.780 9.39 0.31 2.45 5.62 1.09 0.17
7/1/2011 985866.7 1053690.2 2.0 1.9 1.9 2.0 0.787 0.806 0.799 0.746 8.97 0.23 1.51 6.15 0.52 0.17
7/6/2011 1004482.6 1078234.5 2.0 1.9 1.9 2.0 0.738 0.804 0.789 0.717 9.37 0.39 1.49 5.82 0.23 0.09
7/8/2011 1013612.4 1088910.3 2.0 1.9 2.0 1.9 0.816 0.839 0.877 0.826 8.87 0.23 1.72 4.12 6.35 2.53
7/11/2011 1027672.2 1104559.6 2.0 2.0 2.0 1.9 0.847 0.826 0.853 0.822 8.82 0.41 0.35 4.94 1.90 0.30
7/13/2011 1037044.4 1114557.6 2.0 1.9 2.0 2.0 0.726 0.799 0.754 0.763 9.21 1.78 5.46 8.43 0.67 0.17
7/14/2011 1040949.6 1119953.4 2.0 1.9 1.9 2.0 0.826 0.837 0.844 0.806 17.79 0.33 0.95 2.59 0.62 0.11
7/15/2011 1044147.6 1123669.6 2.0 2.0 2.0 2.0 1.645 1.478 1.667 1.630 12.81 0.37 1.43 8.45 0.71 0.09













Table D.1 Phase III Water Quality 
 
Table D.1 Continued 
Test Control Test Control Test Control Test Control Test Control Test Control
1/3/2012 8.19 8.98 0.432 0.447 3.81 3.83 0.43 0.47
1/5/2012 7.88 6.80 0.435 0.399 3.74 3.83 0.34 0.28
1/12/2012 8.01 8.99 0.460 0.449 3.52 3.56 0.38 0.31
1/17/2012 8.27 8.27 0.458 0.460 3.67 3.74 0.58 0.21
1/19/2012 8.18 8.24 0.502 0.501 3.63 3.58 0.38 0.38 0.2 0.0 0.4 0.1
1/24/2012 8.27 8.28 0.481 0.481 3.50 3.62 0.65 0.70 0.0 0.0
1/31/2012 8.25 8.27 0.473 0.473 3.72 3.77 0.20 0.26 0.4 0.1 0.8 0.1
2/2/2012 8.03 8.03 0.480 0.483 3.52 3.72 0.30 0.34 0.5 0.1 0.8 0.1
2/7/2012 8.15 8.17 0.454 0.456 3.63 3.60 0.21 0.21 0.4 0.0 0.8 0.1
2/14/2012 8.13 8.16 0.480 0.477 3.57 3.49 0.23 0.26 0.6 0.1 1.0 0.1
2/16/2012 8.06 8.08 0.468 0.465 3.60 0.26 0.28 0.5 0.1 0.9 0.2
Average 8.12 8.26 0.47 0.46 3.63 3.67 0.36 0.33 0.38 0.05 0.76 0.13
Turbidity Orthophosphate Total Phosphate
Date
pH Conductivity Dissolved Oxygen
Test Control Test Control Test Control Test Control Test Control Test Control
1/3/2012 0.0 14.0 82.0 96.0 82.0 110.0 85.0 86.0 88.0 88.0 90.0 92.0
1/5/2012 0.0 0.0 94.0 44.0 94.0 44.0 82.0 88.0 80.0 58.0 86.0 64.0
1/12/2012 0.0 16.0 100.0 64.0 100.0 80.0 81.5 88.0 94.0 42.0 100.0 56.0
1/17/2012 0.0 0.0 98.0 100.0 98.0 100.0 80.0 77.0 88.0 94.0 94.0 100.0
1/19/2012 0.0 0.0 108.0 108.0 108.0 108.0 93.0 93.0 86.0 86.0 100.0 100.0
1/24/2012 0.0 0.0 98.0 98.0 98.0 98.0 88.5 89.0 96.0 96.0 100.0 100.0
1/31/2012 0.0 0.0 94.0 94.0 94.0 94.0 91.0 91.0 92.0 92.0 96.0 96.0
2/2/2012 0.0 0.0 96.0 95.0 96.0 95.0 90.0 90.0 94.0 93.0 98.0 96.0
2/7/2012 0.0 0.0 94.0 96.0 94.0 96.0 87.5 88.0 94.0 96.0 100.0 100.0
2/14/2012 0.0 0.0 98.0 98.0 98.0 98.0 90.0 89.0 98.0 96.0 102.0 100.0
2/16/2012 0.0 0.0 92.0 92.0 92.0 92.0 91.0 90.0 86.0 90.0 92.0 94.0
Average 0.0 2.7 95.8 89.5 95.8 92.3 87.2 88.1 90.5 84.6 96.2 90.7
Chloride Calcium Hardness Total Hardness
Date









Rack 1 Rack 2 Rack 3 Rack 4 Rack 1 Rack 2 Rack 3 Rack 4 Rack 1 Rack 2 Rack 3 Rack 4 Mild Steel-6357 Lead-6358 Copper-6359 Mild Steel-6360 Lead-6361 Copper-6362
1/2/2012 2.0 2.0 2.0 2.0 1.90 1.90 2.30 2.30 2.20 1.70 2.30 2.40 4.02 0.19 8.10 2.86 0.26 5.50
1/3/2012 2.0 2.0 2.0 2.0 2.20 2.20 2.40 2.40 2.30 2.30 2.60 2.50 9.94* 0.45 7.95 9.06 0.19 4.36
1/3/2012 2.0 2.0 2.0 2.0 2.10 2.10 2.40 2.40 2.30 2.30 2.60 2.60 9.89* 0.61 7.41 9.28* 0.37 5.15
1/4/2012 2.0 2.0 2.0 2.0 2.00 2.00 2.40 2.40 2.20 2.20 2.70 2.70 8.45 0.19 6.39 7.12 0.37 5.85
1/4/2012 2.0 2.0 2.0 2.0 2.60 2.60 3.20 3.20 2.80 2.80 3.40 3.40 8.26 0.13 5.67 6.80 0.24 4.14
1/5/2012 2.0 2.0 2.0 2.0 2.40 2.40 2.70 2.70 2.50 2.50 2.90 2.90 6.66 2.35 5.32 5.80 0.41 8.91
1/5/2012 2.0 2.0 2.0 2.0 2.10 2.10 2.50 2.50 2.30 2.30 2.60 2.60 6.72 3.79* 5.00 5.96 0.32 11.91*
1/6/2012 2.0 2.0 2.0 2.0 1.80 1.80 2.50 2.50 2.10 2.10 2.70 2.70 6.20 4.69* 3.65 5.48 0.15 3.79
1/6/2012 2.0 2.0 2.0 2.0 1.70 1.70 2.30 2.30 2.00 2.00 2.40 2.40 5.90 0.17 5.61 5.20 0.54 5.70
1/9/2012 2.0 2.0 2.0 2.0 1.60 1.60 2.00 2.00 1.80 1.80 2.20 2.20 4.76 0.13 4.49 4.41 0.54 4.22
1/9/2012 2.0 2.0 2.0 2.0 1.70 1.70 2.20 2.20 2.00 2.00 2.30 2.30 4.82 0.30 3.20 4.50 0.30 1.37
1/10/2012 2.0 2.0 2.0 2.0 2.00 2.00 2.60 2.60 2.10 2.10 2.80 2.80 4.56 0.45 3.31 4.15 0.41 3.10
1/10/2012 2.0 2.0 2.0 2.0 1.80 1.90 1.60 1.80 2.20 2.30 2.30 2.30 4.59 0.15 3.34 4.38 0.67 3.30
1/11/2012 2.0 2.0 2.0 2.0 1.80 1.80 2.00 2.00 2.20 2.20 2.30 2.30 4.34 0.91 3.36 3.79 0.78 1.88
1/11/2012 2.0 2.0 2.0 2.0 1.70 1.70 2.00 2.00 2.00 2.00 2.40 2.40 4.27 2.09 2.71 4.07 0.21 2.72
1/13/2012 2.0 2.0 2.0 2.0 1.60 1.60 2.00 2.00 1.80 1.80 2.20 2.20 3.76 0.08 2.48 3.54 1* 2.23
1/17/2012 2.0 2.0 2.0 2.0 2.87 0.45 1.80 2.55 0.50 1.40
1/18/2012 2.0 2.0 2.0 2.0 2.86 0.80 2.83 2.45 0.37 0.98
1/18/2012 2.0 2.0 2.0 2.0 2.87 0.10 2.45 2.37 0.43 1.38
1/19/2012 2.0 2.0 2.0 2.0 2.82 1.13 2.51 2.31 0.19 3.89
1/20/2012 2.0 2.0 2.0 2.0 2.67 0.21 5.15 2.10 0.32 4.87
1/20/2012 2.0 2.0 2.0 2.0 2.71 0.08 6.96 2.19 0.08 6.92
1/23/2012 2.0 2.0 2.0 2.0 2.50 0.21 4.71 1.80 0.28 3.95
1/23/2012 2.0 2.0 2.0 2.0 2.41 0.15 5.18 1.80 0.32 3.98
1/25/2012 2.0 2.0 2.0 2.0 2.41 0.15 3.73 1.73 0.34 3.55
1/25/2012 2.0 2.0 2.0 2.0 2.36 0.69 4.46 1.75 0.26 3.10
1/26/2012 2.0 2.0 2.0 2.0 0.93 0.93 0.00 0.00 1.87 1.87 0.00 0.00 2.21 0.15 2.61 1.65 0.17 2.99
1/27/2012 2.0 2.0 2.0 2.0 0.42 0.42 0.05 0.05 0.74 0.74 0.10 0.10 2.28 0.41 2.18 1.57 0.32 0.44
1/27/2012 2.0 2.0 2.0 2.0 0.39 0.39 0.08 0.08 0.62 0.62 0.15 0.15 2.10 0.37 2.74 1.57 0.56 3.41
1/30/2012 2.0 2.0 2.0 2.0 0.47 0.47 0.06 0.05 0.82 0.83 0.11 0.11 2.26 0.15 2.13 1.49 0.34 3.58
1/30/2012 2.0 2.0 2.0 2.0 0.46 0.47 0.06 0.07 0.80 0.80 0.13 0.13 2.19 0.24 2.31 1.38 0.32 3.60
Date
Flow Rate (gpm) Total Phosphate (mg/L as PO4)
Test (Racks 1 and 2) Existing (Racks 3 and 4)
Corrosion Rate (mpy)




Table D.2 Continued 
 
Rack 1 Rack 2 Rack 3 Rack 4 Rack 1 Rack 2 Rack 3 Rack 4 Rack 1 Rack 2 Rack 3 Rack 4 Mild Steel-6357 Lead-6358 Copper-6359 Mild Steel-6360 Lead-6361 Copper-6362
2/1/2012 2.0 2.0 2.0 2.0 0.43 0.43 0.07 0.06 0.72 0.72 0.13 0.13 2.37 0.17 1.61 1.47 0.34 3.47
2/1/2012 2.0 2.0 2.0 2.0 0.51 0.50 0.07 0.07 0.87 0.87 0.14 0.14 2.28 0.72* 1.75 1.41 0.21 3.95
2/3/2012 2.0 2.0 2.0 2.0 0.43 0.43 0.03 0.03 0.82 0.82 0.05 0.05 2.43 0.21 1.64 1.39 0.17 3.73
2/3/2012 2.0 2.0 2.0 2.0 0.47 0.47 0.10 0.10 0.74 0.75 0.20 0.20 2.45 0.19 1.69 1.29 0.43 3.58
2/6/2012 2.0 2.0 2.0 2.0 0.46 0.46 0.08 0.08 0.76 0.76 0.16 0.16 2.57 0.10 1.72 1.30 0.26 3.73
2/7/2012 2.0 2.0 2.0 2.0 0.47 0.47 0.06 0.06 0.81 0.82 0.12 0.12 2.60 0.26 1.21 1.25 0.26 2.82
2/8/2012 2.0 2.0 2.0 2.0 0.48 0.48 0.06 0.06 0.84 0.84 0.12 0.12 2.71 0.10 1.22 1.26 0.34 2.75
2/8/2012 2.0 2.0 2.0 2.0 0.44 0.45 0.06 0.06 0.77 0.78 0.11 0.11 2.96 0.06 1.43 1.23 0.48 2.90
2/10/2012 2.0 2.0 2.0 2.0 0.76 0.76 0.09 0.09 1.35 1.35 0.18 0.18 2.81 0.13 1.54 1.20 0.28 3.28
2/10/2012 2.0 2.0 2.0 2.0 0.57 0.57 0.11 0.11 0.92 0.92 0.22 0.22 2.82 0.08 1.81 1.16 0.39 3.39
2/13/2012 2.0 2.0 2.0 2.0 0.60 0.60 0.07 0.07 1.05 1.05 0.15 0.15 2.99 0.10 1.40 1.15 0.19 2.45
2/14/2012 2.0 2.0 2.0 2.0 0.57 0.57 0.07 0.07 1.00 1.00 0.14 0.14 3.11 0.10 1.32 1.07 0.17 2.32
2/15/2012 2.0 2.0 2.0 2.0 1.15 1.15 0.05 0.05 2.20 2.19 0.10 0.10 3.13 0.50 1.11 1.12 0.34 1.61
2/15/2012 2.0 2.0 2.0 2.0 0.60 0.60 0.07 0.07 1.07 1.06 0.14 0.14 3.15 0.30 1.11 1.11 0.43 1.67
2/16/2012 2.0 2.0 2.0 2.0 0.52 0.52 0.09 0.09 0.85 0.86 0.18 0.18 3.18 0.26 1.03 1.16 0.50 1.78
2/17/2012 2.0 2.0 2.0 2.0 0.62 0.62 0.10 0.10 1.05 1.04 0.20 0.20 3.22 0.15 1.27 0.97 0.54 1.88
2/22/2012 2.0 2.0 2.0 2.0 0.58 0.58 0.10 0.10 0.95 0.95 0.20 0.20 3.58 0.15 1.19 0.99 0.32 1.73
2/22/2012 2.0 2.0 2.0 2.0 0.55 0.55 0.09 0.09 0.91 0.92 0.18 0.18 3.57 0.13 1.19 0.95 0.19 1.59
2/24/2012 2.0 2.0 2.0 2.0 0.53 0.54 0.08 0.08 0.91 0.93 0.15 0.15 3.71 0.13 0.87 1.08 0.24 1.32
2/24/2012 2.0 2.0 2.0 2.0 0.54 0.54 0.10 0.11 0.87 0.87 0.21 0.21 3.76 0.50 0.65 1.02 0.48 1.37
2/27/2012 2.0 2.0 2.0 2.0 0.49 0.49 0.05 0.05 0.87 0.88 0.11 0.10 4.01 0.13 1.06 0.88 0.13 1.11
Average 2.0 2.0 2.0 2.0 0.56 0.56 0.07 0.07 0.97 0.97 0.14 0.14 3.56 0.35 3.03 2.55 0.34 3.19
Date
Flow Rate (gpm) Total Phosphate (mg/L as PO4)
Test (Racks 1 and 2) Existing (Racks 3 and 4)
Corrosion Rate (mpy)
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